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Foreword 


O N THE walls of the Engineering Societies building in 
New York were the following words: 

“Engineering — the art of organizing and directing men, 
and controlling forces and materials of nature for the benefit 
of the human race.” 

Probably more has been written in the public press and 
technical journals within the past several months on the 
subject of atomic energy than on any other new scientific 
development within the same length of time. And yet 
probably less has been understood by the public at large. 

This book, written by outstanding men in the fields of sci¬ 
ence and engineering, covers what can now be told of the his¬ 
tory of the development, the present-day scientific status, 
and the possibilities as we know t hem today of the applica¬ 
tions of atomic power to industrial progress. It is written 
in language that can be understood by the careful reader. 
It will serve as a guide to the thinking of all who wish 
to see the benefits of atomic power applied to constructive 
endeavors. 

Let us all acquaint ourselves with the knowledge that is 
now available and insist that this “instrument of nature” be 
used only for the “benefit of the human race.” 

J. B. Ennis 

Senior Vice President 
American Locomotive Company 
President 

Steam Locomotive Research Institute 
Fellow, A. S. M, E. 
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Part I 

Natural Radioactivity 

By Professor Edward S, C. Smith 




Chapter i 

Radioactivity 


Discovery of Uranium 

It all began in 1789, more than a century and a half ago, 
when Martin Heinrich Klaproth, a German scientist, iso¬ 
lated from the mineral pitchblende a heavy, insoluble yellow 
powder which he could not identify. Apparently it was a 
metallic oxide heretofore unknown. Assuming the yellow 
powder to be the oxide of a new metal, Klaproth attempted 
its reduction and obtained a powder, black uranium oxide, 
which he in(!orrect.ly assumed to be the new metal. At any 
rate, he called the black powtler “uranium,” after the planet 
Uranus, then but newly discovered (1781) by Sir William 
Herschel. Klaproth did not succeed in obtaining metallic 
uranium from its oxides, but the metal was pi-oduced about 
1842 by Eugene M. Peligot, a French agricultural chemist. 
MetalUc uranium was found to be silvery white, tarni.shing 
easily in air to a blackish color. It has a high melting point, 
probably somewhat below the usually quoted figure of 
1850° C, and is of high density, being 18.7 times as heavy 
as water. Only tungsten, platinum, gold, and a few rarer 
elements, such as osmium, iridium, and rhenium, are heavier 
than uranium. 

For a long time uranium remained merely a chemical 
curiosity, its radioactivity being discovered incidental to 
investigations of another sort. It will be recalled that the 
Roentgen rays, or X rays, were discovered in 1895 by Wil¬ 
helm Roentgen. Roentgen made this discovery by allowing 
electrical discharges — that is, high-speed cathode rays — 
to strike some sort of metallic “target.” When these streams 
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of electrons, for that is what they were, hit the metallic 
target, they caused radiations of very short wave length, 
which passed easily through wood, human flesh, and other 
substances of low density, but were stopped by very dense 
materials, such as lead or similar elements. The same power¬ 
ful radiations (‘aused some substances to fluoresce — that is, 
to give off long-wave-length radiations visible to the human 
eye. Sometimes the substances acted upon by the X rays 
fluoresced, or gave off visible light that continued only dur¬ 
ing the period of excitation; other substances phosphoresced, 
or continued to give off visible radiations after X-ray excita¬ 
tion had ceased. Roentgen observed also that the X rays 
would affect the silver salts on photographic plates. In this 
connection it is interesting to note that had photography 
not been as far developed as it was in 1895, the discovery of 
radioactivity might have been delayed. 


Discovery of Radioactivity 

The discovery of radioactivity was made in 1896 by An¬ 
toine Henri Becquerel, professor in the ficole Poly technique 
in Paris (Figure 1). He was interested in the phenomenon 
of fluorescence as induced by Roentgen’s X rays and set 
about examining all sorts of substances for possible fluores¬ 
cent and phosphorescent effects. One of the compounds 
tested was the double sulphate of uranium and potassium, 
which not only would discharge an electroscope and phos¬ 
phoresce but also would continuously emit invisible rays 
that penetrated the black paper in which his photographic 
plates were wrapped. This property of matter, then made 
known for the first time by Becquerel, is now called radio¬ 
activity. Because uranium, as well as its compounds, dis¬ 
played radioactivity and because this spontaneous radiation 
of energy appeared to be entirely independent of chemical 
combination or of physical condition. Professor Becquerel, 
with characteristic zeal, at once showed that the property 
of radiation must be in some way directly associated with 
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Figure 1. Antoine Henri Becquerel. 


the uranium atom itself. A new chemistry was beginning 
to dawn. 

Becquerel’s discovery aroused the curiosity of Professor 
Pierre Curie and his wife, Marie Slodowska Curie, two 
young scientists in Paris, the latter, above all others, soon 
to become so intimately associated with the phenomena 
of radioactivity. Mme. Curie began the examination of all 
available chemical materials to obtain further evidence of 
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the existence of the extraordinary radioactive property of 
matter. By 1898 her studies had shown that compounds of 
the rare element thorium •w’ere radioactive. By a strange 
coincidence the radioactive properties of thorium were dis¬ 
covered independently in the same year by G. C. Schmidt. 
Turning from the purified chemical substances of the labo¬ 
ratory, and following what today we might refer to as a 
scientific “hunch,” Mme. Curie next examined a series of 
minerals, nature’s own chemical compounds, as they had 
been taken directly from the earth’s crust. 



Figure 2. Marie Slodowska Curie and Pierre Curie. 


From this bit of research, prosaic as it doubtless seemed 
at the time, emerged a striking discovery. Those minerals 
showing radioactivity, and they were many, displayed it to a 
far greater degree than could have been predicted from the 
activity of the supposedly pure ’compounds in laboratory 
bottles. In other words, minerals that contained natural 
compounds of uranium and thorium were much more strongly 
radioactive than the known compounds of these metals pro¬ 
duced in the laboratory or in industry. Not unnaturally, 
Marie Curie believed that she had made an experimental 
error. Again and again she repeated her tests, but obtained 
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the same astonishing results. Thus she concluded that not 
only was there something present in the uranium and tho¬ 
rium minerals which was a far more powerfully radioactive 
substance than either uranium or thorium, but that this sub¬ 
stance must be present in very small amounts. Mme. Curie 
might well have been awed, for the only logical answer 
to this perplexing question was that the uranium and tho¬ 
rium minerals carried in them a new and hithert,o unknown 
element, or perhaps more than one, which was highly radio¬ 
active. 

Discovery of Polonium 

In April 1898, the French Academy of Sciences published 
a communication from Mme. Curie on the probable existence 
of a new and powerfully radioactive element, as yet unknown 
to science. Thereupon commenced that remarkable collabo¬ 
ration between Pierre and Marie Curie in a search for the 
suspected new element. In July 1898, only a few months 
later, the Curies were able to announce that they had dis¬ 
covered a metallic element much like bismuth, except that 
the new element was radioactive. This new clement was 
named '‘polonium,” in honor of Poland, Mme. Curie's native 
land. Polonium was originally precipitated chemically with 
bismuth, which is not radioactive; therefore the amount of 
polonium present could be determined by the radioactivity 
of the bismuth. Metallic polonium has since been obtained 
by chemical deposition upon silver and by electrolytic 
deposition upon gold or platinum. Polonium is associated 
with all of the uranium minerals thus far made known, but 
it occurs in infinitesimally small quantities, the ratio of ura¬ 
nium to polonium being about ten thousand to one. 

Discovery of Radium 

While they had been working to isolate polonium, the 
Curies found evidence of the existence of another radioactive 
element in pitchblende, the uranium ore. In collaboration 
with M. G. Bemont, the Curies were able to announce in 
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December 1898 the discovery of a second radioactive ele¬ 
ment which they named “radium.” This element was closely 
related to barium and chemically precipitated with it. In 
order to separate enough reasonably pure radium salts for 
determining atomic weight accurately, which the Curies had 
to do to prove that the new elements did actually exist, 
they needed a larger quantity of pitchblende, much more 
than they possessed at the time. Where were they, with 
their meager resources, to obtain the great quantities of 
pitchblende needed to extract even the most minute amounts 
of radioactive substances? The difficulty seemed insur¬ 
mountable. 

At that time, pitchblende was obtainable in quantities 
only in the Joachimsthal, in Bohemia, now Czechoslovakia. 
The pitchblende mines were operated as a government mo¬ 
nopoly in the production of uranium salts, which were used 
in the making of opalescent glass, and in the ceramic indus¬ 
tries to impart a yellow glaze to porcelain. The Curies rea¬ 
soned that the new radioactive substances would remain in 
the residues from the manufacturing processes at the Joa- 
(chimsthal, and that large amounts ought therefore to be 
obtained at low cost. The Curies had reasoned correctly; in 
fact, the Austrian government made them a gift of a ton of 
the residues. Four years of tireless work under most difficult 
experimental conditions were followed by success, and 0.2 of 
a milligram of radium chloride was obtained. The atomic 
weight of radium was determined as 226. 

The atomic weight of an elenaent was originally defined 
as the weight of a substance compared with the lightest 
known element, hydrogen. The form of this definition is 
somewhat analogous to the form of the definition of specific 
gravity, which is the weight of a given substance compared 
with an equal volume of water at 4° C. The definition of 
atomic weight, as used today, is in relation to the atomic 
weight of oxygen, which is taken as 16. The figure “16” 
was derived from an early belief that oxygen was exactly 
sixteen times heavier than hydrogen. However, we now 
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know that the true atomic weight of hydrogen is 1.008132 
if the atomic weight of oxygen is taken as 10. With the 
discovery of isotopes, shortly to be discussed, atomic weights 
today assume far less importance from the standpoint of 
nuclear studies than do the masses of the isotopes of a given 
element. Atomic weights are still of importance, of course, 
to the analytical chemist. 



Figure 3. Mme. Curie in Her Laboratory. 


Pure metalhc radium was isolated by Mme. Curie and 
Andr6 Debierne in 1911 by an ingenious method. The 
radium was deposited electrolytically on mercury, and the 
mercury distilled off in a current of hydrogen. The radium 
thus prepared was a silvery-white metal melting (and vola¬ 
tilizing) at 700° C. 

Other Radioactive Elements 

Great interest had been aroused by the announcement of 
the discovery of radium and other new radioactive elements 
(Debierne had discovered actinium in 1899), especially as 
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these radioactive elements were found to fit into Mendeleeff's 
Periodic Table. About thirty years previously, Dimitri Men¬ 
deleeff, a Russian chemist, had arranged all known elements 
in order of increasing atomic weights. Hydrogen, the light¬ 
est element, was placed first and f.he others followed in order. 
Elements with similar chemical characteristics fell natuially 
into groups, or “periods,” as Mendeleeff called them, in 
which certain of their properties were observed to recur. 
The bla,nk spaces in his table Mendeleeff suggested might be 
occupied by hitherto undiscovered elements. Mme. Curie’s 
investigations of radium showed that it was very clo.sely 
related to barium and strontium, and when the atomic 
weight of radium had been determined as 226, it was found 
to fall into a place heretofore empty in Mendeleeff’s table. 
Since that time, other elements have been found whose 
properties were predicted in advance of their actual dis¬ 
covery. 

Chiefly because of work done by Sir Ernest Rutherford, 
the British physicist and Nobel Prize winner, and his co¬ 
workers (Figure 4), we know today that uranium, thorium, 
and actinium atoms are spontaneously disintegrating into a 
whole series of radioactive substances, each of which is of 
lower atomic weight than its parent element. Some of these 
changes are very rapid, requiring only a few minut es or a 
few hours for one half of the material to be changed to a 
substance of lower atomic weight. Some changes, however, 
require thousands or even millions of years. The length of 
time during which one half of a given radioactive element 
is converted into that element of next lower atomic weight 
is called its half-life period. 

In one sense, we might call these radioactive atoms “natu¬ 
ral atomic bombs” because, as these atoms break down, they 
emit three types of energy-carrying rays, which are collec¬ 
tively called Becquerel rays. 




Figure 4. Sir Ernest Rutherford. 
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Alpha, Beta, and Gamma Rays 

Rutherford and others showed that the Beequerel rays 
were of three kinds, which they called alpha, beta, and gamma 
rays. Alpha rays were shown to be, in effect, nuclei of 
hehum atoms which traveled at velocities of 9000 to 12,000 
miles per second. The fastest of the.se alpha rays are com¬ 
pletely absorbed by 0.006 cm of aluminum foil, and their 
range in air is about 3.39 cm. Beta rays have been shown 
to be streams of electrons carrying negative charges whi(!h 
travel at a .speed which may approach that of light. (186,000 
miles per second). A 2-mm thickness of lead may be re¬ 
quired to stop the beta rays. Gamma rays are not discreet 
particles of high velocity but consist of radiation resembling 
X rays. The penetrating power of these rays is very great, 
a thickness of 14 mm of lead being sufficient to absorb only 
half of a given emission of hard gamma rays. Their velocity 
is that of light. 

Secret of Atomic Disintegration 

Today, half a century since Beequerel noticed the myste¬ 
rious rays which affected his photographic plates, the secret 
of atomic disintegration has become no secret at all. Tables 
I, II, and III illustrate what is known concerning the dis¬ 
integration of uranium, actinium, and thorium. In the first 
column, the element itself is named; in the second colunm, 
its atomic weight is given; in the third column is found the 
atomic number of the element, which represents the number 
of positively charged protons inside the atomic nucleus. 
The fourth column indicates the types of radiation which, 
when emitted by the parent substance, give rise to the ele¬ 
ment of next lower atomic weight. In the last column is 
indicated the time in which one half of the parent element 
is converted into the member of the series of next lower 
atomic weight. It will be noted that the uranium, actinium, 
and thorium disintegration series of elements terminate with 
products whose atomic weights are close to that of lead. 



RADIOACTIVITY 


13 


Table I 

URANIUM SERIES 


Element 

Atomic 

Weight 

Atomic 

Number 

Radiation 

Emitted 

Time to Decay 
to Half Value 

Uranium I. 

238.2 i 

92 

Alj)ha 

4.6 X 10» yr 

Uranium Xi. 

234 

90 

Beta 

24.6 da 

Uranium X2. 

234 

91 

Beta and gamma 

1.15 min 

Uranium 11. 

234 

92 

Alpha 

1.7 X 10'yr 

Ionium. 

230 

90 

Alpha 

6.9 X 10^ yr 

Riidiura. 

226 

88 

Alpha 

1,690 yr 

Radon (emanation). . 

222 

86 

Alpha 

3.833 da 

Radium A. 

218 

84 

Alpha 

3.0 min 

Radium B. 

214 

82 

Beta and gamma 

26.8 min 

Radium C. 

214 

83 

Alpha, beta, 
and gamma 

19.5 min 

Radium C'. 

214 

84 

Alpha 

1.5 X 10-* sec 

Radium C". 

210 

81 

Beta 

1.4 min 

Radium D. 

210 

82 

Beta (noft) 

16.5 yr 

Radium PI. 

210 

83 

Beta (soft) 

5.0 da 

Radium F (polonium) 

210 

84 

Alpha 

136 da 

Lead. 

206 

' 82 

None 

Stable 


Table II 

ACTINIUM SERIES 


Element 

Atomic 

Weight 

Atomic 

Number 

Radiation 

Emitted 

Time to Decay 
to Half Value 

Actino-uranium. 

235 

92 

Alpha 

7 X 10« yr 

Uranium Y. 

231 

90 

Beta 

24.6 hr 

Protoactinium. 

231 

91 

Alpha 

32 X 10» yr 

Actinium. 

227 

89 

Beta 

13.4 yr 

Radioactinium. 

227 

90 

Alpha 

19.5 da 

Actinium X. 

223 

88 

Alpha 

11.4 da 

Actinon (emanation). 

219 

86 

Alpha 

2.9 sec 

Actinium A. 

215 

84 

Alpha 

.002 sec 

Actinium B. 

211 

82 

Beta 

36.1 min 

Actinium C. 

211 

83 

Beta 

2.15 min 

Actinium C'. 

211 

84 

Alpha 

5 X 10-» sec 

Actinium C". 

207 

81 

Beta 

4.71 min 

Lead. 

207 

82 

None 

Stable 
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Table III 

THORIUM SERIES 


Element 

Atomic 

Weight 

Atomic 

Number 

Radiation 

Emitted 

Time to Decay 
to Half Value 

Thorium. 

232 

90 

Alpha 

1.8 X lO'^yr 

Mesothorium I. 

228 

88 

Beta 

6.7 yr 

Mesothorium II. 

228 

89 

BetAi 

6.1 iir 

Radiothorium. 

228 

90 

Alpha 

1.90 yr 

Thorium X . 

224 

88 

Alpha 

3.64 da 

Thoron (emanation). 

220 

86 

Alpha 

54.5 sec 

Thorium A. 

1 210 

84 

Alpha 

0.14 sec 

Thorium B. 

212 

82 

Beta 

10.6 hr 

Thorium C. 

212 

83 

Alpha, beta 

60.5 min 

Thorium C' . 

212 

8*4 

Alpha 

3 X 10~’sec 

Thorium C" .... 

208 

84 

Beta 

3.1 min 

Lead. 

208 

82 

None 

Stable 


The final product of the uranium disintegration .series is 
a substance whose atomic weight is 206; the final produitt 
of the actinium series is a .substance whose atomic weight, is 
207; and the final product of the thorium series is a suli- 
stance whose atomic weight is 208. It had been noticed 
that lead minerals were usually found associated with ura¬ 
nium minerals; hence the conclusion ought to be that lead 
— plain lead, heavy and inert as we know it to be — is the 
ultimate product of the.se .series of disintegrations. How¬ 
ever, the accepted atomic weight of lead had always been 
about 207.2; what, then, were these substances who.se atomic 
weights were 206, 207, and 208? When the atomic weights 
of samples of lead from uranium and thorium deposits were 
determined, the results were amazing. Lead associated with 
uranium had an atomic weight of 206, lead associated with 
thorium was found to have an atomic weight of 207, and 
lead associated with actinium was found to have an atomic 
weight of 208. These several kinds of lead differ in no way 
from each other save in their atomic weights; that is, their 
masses are different when compared to the mass of hydro¬ 
gen, Chemically, the different leads are indistinguishable 
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from one another, and the difference in atomic weight, con¬ 
sequently, is believed to be due to difference in the atomic 
nuclei themselves. 

Isotopes and Atomic Weight 

Elements having the same properties but differing slightly 
in atomic weights arc termed isotopes and are well recog¬ 
nized by modern chemistry. The word isotope is derived 
from the Greek words Icros, meaning “equal,” and totos, 
meaning “place.” We now know that atomic weights fail 
to be whole numbers because of the association of unequal 
amounts of the different isotopes of a given element. Ura¬ 
nium itself has, as far as is known, at least three isotopes, 
with atomic weights of 234, 235, and 238, respectively. Iso¬ 
tope 234 is rare, its ratio to 238 being 1 to 17,000; isotope 235 
is much more common, having a ratio to 238 of 1 to 140. 
Uranium isot ope 238 is the parent element of the radioactive 
series shown in Table I, and the possibility exists that ura¬ 
nium isotope 235 (Table II) is the parent element of the 
actinium series. 

As has been previously suggested, the atomic weight of 
an element has become of far less importance than formerly 
in theoretical chemistry and theoretical physics. Today, 
atomic numbers and atomic mass numbers arc all impor¬ 
tant. The atomic number represents the number of posi¬ 
tive electric charges, or protons, inside of the nucleus of 
the atom. These protons are exactly balanced by an equal 
number of negative charges, or orbital elections. Hydrogen 
has 1 as its atomic number; helium is number 2, which 
means that the helium atom has two outside negative 
charges which are balanced by a nucleus containing two 
positive charges, or protons, but at the same time having 
four times the mass of the hydrogen nucleus. Lithium has 
three outer negative electrical charges balanced by three 
. positive charges in the nucleus, whose mass, however, is six 
times that of the hydrogen atom; the atomic number of 
lithium is therefore 3. We might continue until we reach 
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uranium, which has an atomic number of 92, meaning that 
it has 92 positive charges in a nucleus containing a mass 
238 times that of hydrogen. Experimental work has shown 
that the nuclei of atoms are very small indeed, in spite of 
their apparently considerable masses, in comparison with 
the outer negatively charged masses which surround the 
nuclei. The number of neutrons, or uncharged particles, 
present in the nucleus is equal to the mass number minus 
the atomic number. For example, uranium isotope 238 has 
92 positive charges, or protons, in the nucleus; the number 
of neutrons present, therefore, would be 238 minus 92, 
or 146. 

Because of the existence of isotopes it is possible for ele¬ 
ments with different mass numbers to have the same atomic 
number, and the present method used to distinguish between 
isotopes is to place the atomic number as a subscript before 
the chemical symbol of the element and to write the atomic 
mass as an exponent; thus uranium of atomic number 92 
and mass number 238 would be written s) 2 U^®®; lead from 
the radioactive disintegration of uranium would be written 
gsPb^*; and lead from the radioactive disintegration of tho¬ 
rium would be written ssPb^k This terminology is used 
throughout the chapter of this book dealing with nuclear 
phenomena. 



Chapter li 

Radioactive Minerals 

S INCE the discovery that the mineral pitchblende con¬ 
tains radioactive substances, many other naturally oc¬ 
curring compounds of uranium, thorium, and actinium have 
been found, so that today we possess a formidable list of 
radioactive minerals. With few' exceptions, the radioactive 
minerals are present in almost infinitesimal amounts through¬ 
out the ro{;ks of the earth’s crust, but they are widely dis¬ 
tributed and often highly complex substances. Some are 
undoubtedly primary; that is, they were formed simul¬ 
taneously with the rocks which enclose them. Others are 
unquestionably .secondary compounds, having been formed 
by the action of water or chemical solutions upon the pri¬ 
mary radioactive minerals. 

Out of the nearly one hundred known radioactive min¬ 
erals, thirty-two species have been selected for description 
in the list which follows. Omitted are doubt ful species, very 
rare types, or those about which insufficient data exist. The 
reader may obtain additional information from the larger 
works on mineralogy. 

Allanite 

T his mineral is a hydrous aluminum silicate of the cerium 
metals (cerium, lanthanum, and so on), iron, and calcium 
with very small and variable amounts of uranium and tho¬ 
rium. Allanite occurs in long, slender, monoclinic crystals 
which are brownish in color, and have a somewhat resinous 
luster. Its specific gravity is 3.5 to 4; its hardness, 534 
to 6. Allanite is sometimes called “orthite,” a word derived 

17 
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from the Greek word op0os, meaning “straight.” It is a 
primary mineral commonly found in granites, syenites, and 
gneisses, and particularly in the pegmatites. Foreign locali¬ 
ties are in part the Ural Mountains, Saxony, Norway, Swe¬ 
den, Greenland, where it was first discovered, Madagascar, 
and Canada. In the United States, it has been found in 
New York, New Jersey, Maine, Pennsylvania, Virginia, and 
Texas. Allanite was named for Thomas Allan, a Scottish 
mineralogist. 

Ampangabeite 

This mineral is a hydrated niobate and titanate of ura¬ 
nium, thorium, iron, and other minor constituents and is 
believed to f)e orthorhombic. It is brownish red, with a 
greasy luster, and has a specific; gravity of about 4 and 
a hardness of 4. It, was named because of its occurrence at 
Ampangabe, Madagascar, where it was found associated 
with columbite in pegmatite. A mineral similar in composi¬ 
tion to ampangabeite, but with a somewhat higher titanium 
content, has been reported from Brazil, and it carries about 
6 per cent uranium oxides. 

Autunite 

This mineral is a hydrous phosphate of calcium and ura¬ 
nium, and crystallizes in the orthorhombic system, usually 
in tabular or flaky crystals of lemon-yellow color. It has a 
pearly luster, a specific gravity of 3.1, and a hardness of 
2 to 23 ^. It has a yellow streak, its permeability to light 
ranges from transparent to translucent, and it is strongly 
fluorescent. Autunite derives its name from the original 
locality at Autun in France. It is a secondary mineral, 
derived, in part at least, from uraninite with which it is 
commonly associated. Foreign localities, in addition to 
France, are Portugal, England, Czechoslovakia, and South 
Australia. In the United States, it occurs in small quantities 
in the pegmatites of Maine, Connecticut, New Hampshire, 
New York, Pennsylvania, North Carolina, and South Da¬ 
kota. It contains from 55 to 62 per cent uranium oxides. 



RADIOACTIVE MINERALS 


19 


Becquerelite 

This mineral is a hydrous uranium oxide, crystallizing in 
the orthorhombic system in small, brown-yellow crystals 
with a resinous luster. It is found associated with other 
uranium-bearing minerals at Kasolo in the Belgian Congo. 
It carries about 86.5 per cent of uranium oxides. It was 
named for Henri Becquerel. 

Betafite 

This mineral is a hydrous titano-niobate of uranium, tho¬ 
rium, calcium, iron, and other minor constituents. It (;rys- 
tallizes in the isometric system, both octahedrons and do¬ 
decahedrons being knowm. Its specific gravity is 4; its 
hardness, 5; its color, greenish-black. Betafite is opaque 
with a greasy luster, and has been found in the pegmatites 
near Betafo, Madagascar, whence its name. It has not yet 
been reported outside of IMadagascar. Betafite is the most 
abundant radioac-tiv^e mineral so far found in Madagascar, 
its content of UO 3 running slightly above 25 per cent. 

Bloomstrandine 

This mineral, sometimes called priorite, consists of nio- 
bates and titanates of yt trium, erbium, cerium, and uranium. 
It occurs in orthorhombic, tabular crystals of brownish-black 
color whose specific; gravity is 4.8. It has been found in 
Norway, Sweden, and South Africa. It was named in honor 
of the Norwegian chemist, C. W. Bloomstrand. 

Bloomstrandite 

This mineral is a hydrous titano-tantalo-niobate of ura¬ 
nium, calcium, and iron. It is apparently related to betafite, 
but richer in titanium and tantalum. It occurs both as 
octahedral crystals and massive. Its color is black; its spe¬ 
cific gravity, 4.17-4.25; and its hardness, 53^. Bloomstran¬ 
dite has been found in Sweden, in the Ural Mountains, and 
in Madagascar. It should not be confused with bloomstran- 
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dine, both minerals being named for C. W. Bloomstrand of 
Lund, Sweden. It contains 20 per cent of uranium oxides. 

Brannerite 

This mineral is made up essentially of uranium and titan¬ 
ium oxides, and occurs as water-worn pebbles in alluvial 
gravels containing gold in the Stanley Basin, Idaho. 

Broggerite 

This mineral is a variety of uraninite carrying thorium. 
It crystallizes in the isometric system in octahedral crystals. 
It occurs in Annerod, Norway, and was named in honor of 
the Swedish geologist W. C. Brogger. It contains about 
75 per cent of uranium oxides. 

Carnotite 

This is a hydrous mineral composed of the oxides of vana¬ 
dium, uranium, and potassium. The actual water content 
is still uncertain. It crystalhzes in the orthorhombic sys¬ 
tem, occasionally in tabular or flaky crystals. It usually 
occurs as a crystalline powder filling rock cavities, or as 
botryoidal crusts of canary or lemon-yellow color. It is pres¬ 
ent in sandstones in Colorado and Utah, where it is mined 
for vanadium, uranium, and radium. These deposits aver¬ 
age 2 to 3 per cent of the uranium oxide UsO*. Carnotite 
is found also in gneisses at Radium Hill, near Olary, South 
Australia, and in shale at Mauch Chunk, Pennsylvania. 
While carnotite is obviously a secondary mineral, its origin 
still remains a matter of doubt. It was named for Adolphe 
Carnot, the well-known French engineer and analytical 
chemist. It contains 43 per cent uranium oxides. 

Chalcolite 

This is a term occasionally encountered in the older literar 
ture. It is synonymous with torbernite. 
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Ciarkeite 

This mineral is a sodium, lead, uranium oxide, also carry¬ 
ing water. It is massive with a conchoidal fracture. Its 
hardness varies from 4 to 4J4, its specific gravity is 6.4, its 
color is dark brown, and its luster is waxy. Evidently, it is 
derived from uraninite by hydrothermal alteration. It oc¬ 
curs in Mitchell County, North C'aroHna. Samples from 
this locality indicate 80 per cent uranium oxides. 

Cleveite 

This mineral is a variety of uraninite, but carries a larger 
amount of UO 3 than the latter mineral, about 10 per cent 
of rare earths of the yttrium group, and considerable helium. 
It. occurs at Arendal, Norway, and was named for the Swed¬ 
ish chemist P. T. Cleve. It contains 76 per cent uranium 
oxides. 

Curite 

This mineral is a rare hydrous lead uranate crystallizing 
in minute orthorhombic needle-like crystals. Its specific 
gravity is 7.19, its hardness is 4 to 5, and its color is reddish- 
brown. It is found in the uranium deposits of the Belgian 
Congo and was named in honor of Mme. Marie Curie. It 
contains 73 per cent uranium oxides. 

Ellsworthite 

This mineral is essentially hydrated calcium, niobium and 
uranium oxides. Ellsworthite is isometric; its specific gravity 
is 3.6 to 3.7; and its hardness, 4. Its color may be dark 
yellow to dark brown. It occurs in Hastings and Haliburton 
Counties, Ontario, Canada, and was named for II. V. Ells¬ 
worth of the Canadian Geological Survey. It contains 22 per 
cent uranium oxides. 

Euxenite 

This mineral is a niobate and titanite of yttrium, cerium, 
erbium, and manium often with iron, calcium, and so on. 
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The rare element germanium also has been found in euxenite. 
Euxenite is usually massive but is found sometimes in ortho¬ 
rhombic crystals. Its specific gravity is 4.7 to 5; its hard¬ 
ness, 63^; and its color ife brownish-black. It derives its 
name from the Greek word evxeivos, meaning “friendly” 
or “hospitable” because of the number of rare elements 
found in it. Euxenite is of relatively wide occurrence, being 
found in Norway, Sweden, Finland, Brazil, Greenland, Aus¬ 
tralia, and Canada. In the United States, it has been found 
in North Carolina. It may contain as much as 10 per cent 
or more uranium oxides. 

Fergusonite 

This mineral is a niobate and tantalate of yttrium, ce¬ 
rium, and erbium with small amounts of uranium, iron, 
and calcium. It is found in tetragonal crystals, pyramidal or 
prismatic. Its specific gravity is 5.8; its hardness, 5 to 5^; 
and its color brownish-black. Fergusonite, originally found 
in Greenland, is now known from localities in Norway, Swe¬ 
den, Ceylon, Madagascar, Japan, and Russia. In the United 
States, it has been found in Massachusetts, Virginia, North 
Carolina, South Carolina, and Texas. It may contain up to 
about 8 per cent uranium oxides. It was named for Robert 
Ferguson. 

Gummite 

This mineral is a hydrous alteration product of uraninite 
and pitchblende. Its exact chemical composition is still in 
doubt. Its color may be yellow, orange, or reddish-brown, 
and its rounded masses, which resemble resin or gum, sug¬ 
gested the name it now bears. It is amorphous,' with a spe¬ 
cific gravity of 3.9 to 4.2, and a hardness of 23^ to 3. It is 
found in many localities associated with uraninite and pitch¬ 
blende, among which may be mentioned the Joachimsthal 
in Czechoslovakia, Saxony, and the Belgian Congo. In the 
United States, there are two well-known localities for this 
mineral — Mitchell County, North Carolina, and Grafton 



RADIOACTIVE MINERALS 


23 


County, New Hampshire. It may contain as much as 75 per 
cent uranium oxides. 

Hatchettolite 

This mineral is essentially a hydrous titano tantalate of 
uranium, calcium, iron, and other minor constituents. 
Hatchettolite is isometric occurring in octahedrons. Its 
specific gravity is 4.77 to 4.90; its hardness, 5; its luster, 
resinous; and its color, yellow brown to dark brown. It 
occurs in the pegmatites of Mitchell County, North Caro¬ 
lina, at Mesa Grande, California, and at Hybla, Ontario. 
Foreign localities are India and IVIadagascar. It was named 
in honor of the English chemist Charles Hatchett. It may 
contain as much as 15 per cent uranium oxides. 

Mackintosh ite 

This mineral is a hydrous silicate of uranium, thorium, 
cerium, and other minor constituents. It crystallizes in the 
tetragonal system, but may be massive. Its specific gravity 
is 5.42; its hardness, 5^2) and its color, black. Mackin- 
toshite has been found in Western Australia and in Llano 
County, Texas. It was named in honor of the American 
chemist J. B. Mackintosh. It contains about 22 per cent 
UO 2 and 45 per cent Th02. 

Monazite 

This mineral is a phosphate of cerium, lanthanum, yt¬ 
trium, thorium, and other minor constituents, the uranium 
content often being negligible. Monazite crystallizes in the 
monoclinic system, although good crystals are rare because 
monazite generally occurs in irregular masses or grains. Its 
specific gravity is 4.9 to 5.3; its hardness, 5 to 5^; its color, 
yellowish to brown; and its luster is vitreous to resinous. 
It occurs in many parts of the world in granites and gneisses, 
and has been used as a commercial source of thorium where 
the grains of monazite have been concentrated in places. 
Foreign occurrences are many, including Russia, France, 
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Norway, India, Madagascar, South Africa, Brazil, and 
Canada. In the United States, it has been found in Con¬ 
necticut, Virginia, North Carolina, and Idaho. The name 
monazite is derived from the Greek word nova^eiv, meaning 
“to be solitary.” 

Orthite 

See Allanite. 

Pitchblende 

This mineral name is the term applied to the amorphous, 
massive, or cryptocrystalline forms of uraninite. It differs 

from uraninite also in 
the fact that essen¬ 
tially no thorium or 
rare earths are carried 
by it. Some forms of 
pitchblende seem to be 
hydrous, and the spe¬ 
cific gravity is fre¬ 
quently considerably 
lower than uraninite, 
owing perhaps to vari¬ 
ous mixed impurities. 
Pitchblende is found 
chiefly in the metallif¬ 
erous veins. Localities 
for pitchblende include 
the Joachimsthal, 
where it is found associated with pyrite, chalcopyrite, and 
silver-bearing galena; Saxony, where it is associated with 
cobalt-silver veins; and Cornwall, England, where it is associ¬ 
ated with copper, cobalt, arsenic, and nickel minerals. In 
the Belgian Congo, pitchblende is found in the Katanga area 
associated with gummite and other secondary minerals. Pitch¬ 
blende has been found in the United States in Gilpin County, 
Colorado, associated with pyrite, chalcopyrite, spaierite, and 





Photo by E. S. C. Smith 

Figure 5. Radiograph of Keys Taken by 
Radioactive Rays Emitted by a Specimen of 
Pitchblende. The pitchblende was collected at 
the famous Joachimsthal, Czechoslovakia, lo¬ 
cality, whence came the residues of uranium 
ore used by the Curies in isolating radium. 
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galena. Rich veins of pitchblende associated with native silver 
occur at LaBine Point, Great Bear Lake, Northwestern Terri- 



, Photo by E. S. C. Smith 


Figure 6. Radiograph of Specimen of Pitchblende Taken by Its Own Radioactive 
Rays. This specimen was collected at the Huggles Mine near Grafton, New 
Hampshire. 

tones, Canada. Pitchblende derives its name from the 
pitchy luster some varieties have when they are fresh and 
unweathered, and from the German verb “to dazzle” (see 
Figures 5 and 6). 

Polycrase 

T his mineral is a niobate and titanate of yttrium, cerium, 
erbium, and uranium; in fact, polycrase is much like euxe- 
nite. It crystallizes in the orthorhombic system; its specific 
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gravity is 4.9 to 5.0; its hardness is 5 to 6; and its color is 
black. It has been found in Norway, Sweden, and Brazil. 
In the United States, polycrase is found in North Carolina 
and South Carohna. Its name is derived from the Greek 
iroXv, “many” and Kpaois, “mixture.” It may contain as 
much as 20 per cent uranium oxides. 

Priorite 

See Bloomstrandine. 

Samarskite 

This mineral is a tantalo niobate of yttrium, cerium, cal¬ 
cium, iron, uranium, and other minor constituents. It crys¬ 
tallizes in the orthorhombic system, and, although some¬ 
times found in prismatic crystals, samarskite is commonly 
massive. Its specific gravity is 5.6 to 5.8; its hardness, 53/2; 
its luster, submetalUc; and its color, black. It has been 
found in Russia, Norway, Madagascar, India, and Brazil. 
In the United States, it is fairly abundant in Mitchell 
County, North Carolina, and has been found in Colorado 
and elsewhere in granite pegmatites. It was named in honor 
of the Russian engineer Oberst von Samarski. The uranium 
content may be as much as 15 per cent uranium oxides. 

Thorianite 

This mineral seems to be an isomorphous mixture of tho¬ 
rium and uranium oxides in varying proportions. It is iso¬ 
metric, crystallizing in cubes; its specific gravity is 9.5; its 
hardness, about 6; and its color, black. Thorianite has been 
obtained from the river gravels of Ceylon, being derived 
from nearby pegmatites; it has also been found in Mada¬ 
gascar and Siberia. It was so named because of its thorium 
content. It may contain from 15 to 30 per cent uranium 
oxides. 

Thorite 

This min eral is a hydrous silicate of thorium together with 
rare earth elements, uranium, and so on. It crystallizes in the 
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tetragonal system, but is usually found in rounded, irregular 
fragments. Its specific gravity is 4.4 to 4.8; its hardness, 
4 to 53^; its luster, resinous; and its color, yellow to brown. 
True thorite contains only small amounts of uranium. It 
was so named because of its thorium content. 

Torbernite 

This is a hydrous phosphate of uranium and copper, with 
ansenic sometimes repla<!ing part of the phosphorus. It 
crystallizes in the orthorhombic system, with crystals vary¬ 
ing from thin, sometimes tabular squares, to forms resem¬ 
bling cubes at first glance. The color ranges from emerald 
to a grass or lighter green. Its specific gravity is 3.2; its 
hardness, 2 to 23 -^; its permeability to light varies from 
transparent to translucent. Like autunite, with which it is 
frequently associated, torbernite is a secondary mineral. It 
occurs in the Joachimsthal mines in Czechoslovakia; in Sax¬ 
ony; in Cornwall, England, where especially fine crystals 
have been obtained; and in South Australia. Torbernite 
was named for the Swedish chemist and naturalist Torbernus 
Bergmann. It contains 50 to 00 per cent uranium oxides. 

Uraninite 

This mineral is composed of the crystalline uranium oxides 
corresponding chiefly to UO 2 , UsOs, and UO3 plus variable 
amounts of thorium and lead, metals of the rare-earth groups, 
and the rare gases hehum and argon. Uraninite is isometric, 
but, although crystals are relatively rare, they have some¬ 
times been found of large size. Ordinarily the mineral is 
massive or botryoidal. Uraninite has a specific gravity of 
9.0 to 9.7 and a hardness of 53^. Its color on fresh surfaces 
is a velvet black, but it is usually grayish, greenish, or 
brownish. The luster varies from submetalhc to greasy or 
pitchlike. Uraninite is widely distributed, occurring both as 
a primary mineral in the pegmatites and as a secondary 
mineral with the sulphides of silver, lead, iron, zinc, and 
copper. However, only three deposits in the world may be 
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Figure 7. Present Known Commercial Sources of Uranium. (1) Joachirasthal, Czechoslovakia; (2) Belgian 
Congo, Africa; (3) Great Bear Lake, Northwest Territory, Canada; (4) Colorado, U.S.A. 
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considered as large scale and commercial. The classic local¬ 
ity is, of course, the Joachimsthal in Czechoslovakia, from 
whose deposits came the material from which radium was 
first obtained. Another area is in the Belgian Congo, where 
exist relatively rich uraninite deposits whose full extent is 
by no means yet accurately known. The third area is what 
may yet prove to be both the richest and most extensive 
deposits of uraninite in the world. It is the Great. Bear Lake 
region in the Northwestern Territories of Canada, discov¬ 
ered in 1930 (Figure 7). 

Uranothorite 

This name is applied to a uranium-rich thorite which has 
been found in Norway and in Ontario, Canada. Its physical 
characteristics are very similar to thorite but may contain 
up to 17 per cent uranium oxides. 

Zippeite 

This mineral is a hydrous uranium sulphate. It has been 
found at the Joachimsthal mines, Czechoslovakia; in asso¬ 
ciation with carnotite in Colorado; in the asphaltic sand¬ 
stones of Wayne County, Utah; and at Great Bear Lake, 
Northwestern Territories, Canada. 




Part II 

Physical Background of Atomic Energy 
Production 


By Dr. A. H. Fox 




Chapter I 

Natural Sources of Power 

B efore we can appreciate fully the enormoiLs storc^house 
of energy to be found inside (iu^ atom, let us first make 
comparative estimates of other known power sources. En¬ 
ergy production may be measured in different ways, and 
different units are used, each appropriate to the kind of 
energy (*onsidered. 

Energy Units 

Mechanical energy is usually measured in foot-pounds^ a 
unit measuring the amount of work done, or energy used up, 
when a body is moved by a (*onslant force of one pound 


FOOT-POUNDS 



through a distance of one foot along the line of action of the 
force (Figure lA). A quantity of water weighing 1000 lb fall¬ 
ing over a dam and down a height of 20 ft releases 20,000 ft-lb 
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of energy on entering the pool at the bottom (Figure IB). 
This energy goes into energy of motion, called kimtic energy, 
into heat energy, and into sound energy. The time rate at 
which this energy is released measures the -power of the. 
waterfall. The mechanical unit of power is the horse¬ 
power (hp). One hp is equivalent to 550 ft-lb expended per 
second. In the case of the waterfall, if the 1000 lb of water 
flows over the dam every second (a rate of flow of about 
120 gal per second), then 20,000 ft-lb per second, or 36.5 hp, 
are developed. 

The units of power commonly used in electrical meas¬ 
urements are the watt (w) and its larger relative the kilo¬ 
watt (kw); one kw equals 1000 w. The watt is related to the 
erg, which is the unit, of energy in the metric system. An 
erg is the work done in moving a body a distance of one 
centimeter using a constant force of one dyne. The erg is 
so small, about equal to the work done in lifting a postage 
stamp an inch, that another and larger unit called a joule 
is also used. One joule equals 10,000,000 ergs. One watt is 
the power produced when one joule is given up per second. 
One hp equals 756 w. In electrical measurements, the usual 
energy unit is the kilowatt-hour (kw-hr), defined as the en¬ 
ergy expended when the power of 1000 w is used for an 
hour; several cents per kilowatt-hour is the usual cost of 
electrical energy. One kw-hr is equal to 360,000 joule- 
seconds, or 3.6 X 10'* ergs.* A 100-w' light bulb uses up 
about a billion ergs wliile burning for only one second; from 
this, it can be seen that the erg is relatively a small imit of 
work. 

In atomic measurements, however, a still smaller unit of 
energy is used. When a negatively charged particle is placed 
in an electric field, as between the plates of a charged con¬ 
denser, the particle tends to move toward the point of high- 


• Any number can be written as the product of a number betw^een 1 and 10, 
and some power of 10. The exponent of the power indicates how many places 
the decimal point should be moved, positive to the right, negative to the 
left. Thus 2.5 X 10^ « 25,000, and 2.5 X lO"* « .0025. 
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est potential. If the field strength is uniformly one volt per 
centimeter, and the particle is an electron, then the work 
done by the field in moving the electron one centimeter 
(Figure 2) is one electron-volt (ev). This unit is about as much 
smaller than an erg as the erg is smaller than a kilowatt-hour. 

One ev = 1.6 X 10~‘^ erg = 4.4 X 10“-® kw-hr. 

Small as the ev is, enormous amounts of atomic energy 
are computed by multiplying this unit by the large numbers 
of atoms found in the usual 
experiment, something like 
10^“ atoms per gram. 

Still other units of energy 
are used when heat is the 
principal consideration. 

Chemists use a unit called 
a calorie or gram-calorie, 
defined as the heat required to raise the temperature of 
a gram of water one degree centigrade. This is equivalent 
to 4.18 X 10^ ergs. The corresponding unit in the English 
system is the Btu (British thermal unit), which is the heat 
required to raise the temperature of one pound of water 
one degree Fahrenheit. This unit is used in measurements 
of fuel combustion and is equivalent to a little more than 
10'® ergs. 

For the energy production in a nuclear reaction of one 
atom with another, the unit consisting of one million elec¬ 
tron volts (Mev) is about the correct magnitude to obtain 
small, easily handled numbers of units such as 1 to 200. 
But the reader should not be misled by the word million; 
the energy per particle is still extremely minute. When 
grams of elements are considered in the reactions, a unit as 
large as a kilowatt-hour becomes more convenient. 

Power Sources 

It has been noted above that the power of a waterfall 
discharging 120 gal per second with a drop of 20 ft is 36.5 hp, 
or 27.5 kw. By increasing the flow of water or the height 
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Figure 2. 
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of the fall, the power can be increased many times. The 
equipment necessary to convert this energy into useful work 
is, of course, usually large and expensive. 

Another source of power is the burning of coal or other 
fuels. One gram of coal, pure carbon, when completely 
burned to CO 2 , hberates about 7920 calories, or 3.3 X 10" 
ergs, not quite one hundredth of a kilowatt-hour. All of this 
energy cannot be xised without enormous loss. In the atoms 
of ashes left after ordinary coal is burned there is a hundred 
thousand times as much atomic energy as was liberated as 
heat energy in the burning. Fuel oil releases about 19,500 
Btu per pound, or 4.5 X 10" ergs per gram. Heating losses 
must be (considered before useful work is done. 



The energy in coal and fuel oil, and even in water power, 
comes originally from the energy of the sun. Sunlight was 
used by plants to form large areas of vegetation many years 
ago, and these areas, by the action of heat and pressure, 
have been turned into coal and oil. If we go directly to 
sunlight as a source of power, we find that, on a cloudless 
day, on the average about 1.35 X 10® ergs fall per second 
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on a square ceqtimeter of the earth’s surface (Figure 3). 
This means that an area of 7400 square centimeters, or a 
httle less than a square yard, will gather energy at the rate 
of one kilowatt. Elaborate systems of mirrors and storage 
tanks are used to collect solar energy and convert it into 
heat energy for some purposes. So far, this process has not 
been developed commercially to any great extent. 

Natural radioactive elements literate relatively large 
amounts of energy in each emission of a particle; but these 
processes go on too slowly to .9 

provide much power, unless 
larger amounts of radioactive | [ ) 

substances be used than are ^ f 
now available. An alpha par- 
tide from radium carries an 1 

energy of 4.9 Mev (Figure 4). 

This is only 7.6 X 10“® erg, V 
or 2.15 X kw-hr. But 

when we take account of the ■- _► 0) 

fact that there are about ^ ^ , __ 

oov.^ini9 + tv- SPEED 1.5X10 CM/SEC. 

2.8 X 10'-' atoms of radium in F g e 4 

a gram, we find that a total 

energy of 2.1 X 10'^ ergs, or 6.2 kw-hr, would te released if 
all the atoms in one gram were to disintegrate. Radium has 
a half-life of 1690 yr and hence, in order to have one gram 
decay per second, a mass of 7.3 X 10'® g, or about 80,000 
tons, of radium would have to be prc.sent. Much larger 
amounts of uranium, with its longer half-life of 4.6 billion 
years, would be required to give any appreciable power pro¬ 
duction. 


i I CM 

1 

t®; 

t 


SPEED 1.5X10 CM/SEC. 

Figure 4. 


Natural sources of power known at the present time re¬ 
quire large and elaborate turbine generator installations, or 
similar plants, in order to convert their power into a form, 
usually electrical, which can be transmitted and used con¬ 
veniently. Natural radioactive elements cannot be used to 
produce large power sources, but they are very convenient 
when a small amount of energy is required at an almost 
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inaccessible point. Radioactive treatment of cancer, in 
which the sources may be placed right inside the diseased 
tissue, employs the energy (continuously liberated by these 
atoms. The use of radioactive matci'ials on watch dials is 
another example; here, only a small amount of energy is 
required to produce (enough light to make the numbers vis¬ 
ible. The sourc(!, however, is continuous, and once t he paint 
containing the radioactive atoms is in place, it continues to 
produce light as long as the watch lasts, and longer. 

We see, therefore, that atomic energy sources se(em mmii 
simpler and more convenient to handle than other natural 
sources of power. But they are eith(cr too weak or depend 
on materials whi(‘h are too scarce to make practi(cal, at 
present, the continuous production of large amounts of 
power. 



Chapter li 

Nuclear Reactions 


A S EARLY iis 1919, when Rutherford was conducting 
an experiment on th(' ranges of a-particles in air, he 
disco\Trod that th(; air into which the a-parti(de.s were shot 
contained atoms of hydrogen. Ih; nspeated the experiment 
with pmo nitrogen in place of air, which is about 80 per 
cent nitrogen, and ol)fained the same result. This was the 
first definite artificially pixKluced transmutation of one ele¬ 
ment into anotlu'r. 

Nitrogen Transmutation 

The rt-particle, on striking a nitrogen atom head-on, pene¬ 
trates th(‘ nucleus of the atom and forms another nucleus 
with a charg(‘ of 9 units, normally found only on a fluorine 



Figure 5. 


nucleus (Figure 5). The newly formed nucleus, however, 
contains 9 protons and 9 neutrons and therefore has a mass 
of about 18 units, while the stable fluorine found in nature 
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has 19 mass units. Hence, the newly formed fluorine nucleus 
is unstable; in fact, it breaks down in a small fraction of a 
second into a nucleus of an oxygen atom — with charge 8 
and mass 17 — and a proton, a nucleus of hydrogen that 
has one unit of charge and one of mass. The newly formed 
fluorine nuc;leus is disrupted so quickly that its existence 
cannot be proved; it is merely inferred from the general 
theory of nuclear reactions. 

The existence of the hydrogen atoms, whi(!h were produced 
artificially, was inferred from the range of their rapid motion 
in the gas and by other more direct photographic methods. 

The energy of the a-particles used was 7.7 Mev and the 
observed energies of the proton and oxygen nucleus were 
6 Mev and .7 Mev, respectively. Thus a net energy loss of 
1 Mev is involved in each individual transmutation. This 
is an example of the conversion of energy into mass. The 
masses the nuclei of the original materials 7 N” and 2 He^ 
are kno#n from careful experiments to be 14.0030 and 4.0028 
mass units, in the system in Avhich the mass of an atom of 
gO’® is exactly 16. The nuclear masses of and iH‘ are 
17.0001 and 1.0076. By computation, we find that the 
products are heavier than the original materials by .0013 
mass unit. 

Mass and Energy 

In 1905 Einstein, in formulating the special theory of 
relativity, showed that there should be a relation between 
mass and energy. This involves the equation mc^ = E, 
where the mass m is in grams, the number c is the velocity 
of light in centimeters per second, and the energy E is meas¬ 
ured in ergs. A mass of one gram is related by this equation 
to ergs. Since c = 3 X 10*®, this amounts to an energy 
of 9 X 10**® ergs, or 25 million kw-hr, released merely by 
the transformation of one gram of mass into energy. The 
mass of an atom of gO**, by careful measurement, is only 
1.013 X 10““ g; therefore one mass unit, a sixteenth part of 
this, is 1.660 X 10“^^ gram. Consequently, the energy pro- 
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duced in the annihilation of one mass unit is 1.48 X 10~® erg 
or 931 Mev. 

Ih the nitrogen transmutation, there is a deficiency of 
.0013 mass unit which is converted from energy of the 
a-particle into mass of the product nuclei, and, on multi¬ 
plying by 931, we find that this is equal to 1.26 Mev. Since 
the energy of the incident a-particle is 7.7 Mev and the sum 
of the energies of the products is just 6.4 Mev, the energy 
balance is just right. This kind of mass-energy balance in 
nuclear reactions is always possible, and is the most striking 
confirmation of relativity theory. 

In the reatition discussed above, the conversion of energy 
into mass is, of course, going in Ihe wrong direction insofar 
as our search for sources of atomic power is concerned; the 
reaction is described here because it was (he first nuclear 
reaction analyzed, and (he technique is (he same as that 
applicable to the power-producing reacdions described below. 

Neutron Production 

Many other such experiments wi(h other elements gave 
similar transmutations and formed a most active field of 
physics for the decade before 1940. In fact, the discovery 
of the neutron by Chadwick in 1932 w’as the result of -such 
an experiment. Several investigators had exposed beryllium 
to a-particle bombardment and found that the resulting 
high-energy particle had a range and penetrating power far 
above those produced in other reactions. They showed that 
a proton of these properties would have to possess thou¬ 
sands of Mev which wei’e certainly not accounted for in the 
mass energy balance. Chadwick showed that the only par¬ 
ticle with the available energy which could have the meas¬ 
ured range and penetrating power must have a mass equal 
to that of the proton, but must not have any charge at all. 
The existence of such a particle, called a neutron, had been 
predicted from theoretical considerations by Rutherford in 
1920, but no experiment had exhibited this particle prior to 
Chadwick’s work. On passing through atoms of air or other 
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elements, such a particle would not be retarded by ('lectrical 
interaction with the electrons around the nu(dei. Only diixH-t 
action of the nuclei could have any slopping effect ; hence 
the long range and high prmetrating powei- of the particle. 
In fact, ordinary methods of detection, which usually depend 
on electrical properties of the particles, wei'e of no use here, 
and an indirect method of detection had to be devised. 

The reaction studied by C’hadwick is illustrated in Fig¬ 
ure 6. The carbon atom of mass 13 exists for only a mici-o- 
second (10“® sec) and cannot bo detected. The energy of the 



incident a-particle from polonium is 5.3 Mev, and (.he (en¬ 
ergy of the neutron may be as much as 10 Mev. Here the 
total mass of the protlucts is less than that of the original 
elements. The neutrons flying out of the unstable carbon 
atoms in the beryllium target are allowed to hit a block of 
paraffin (Figure 7), a substance rich in hydrogen atoms. 
When a neutron strikes a hydrogen nuedeus, the transfer of 
energy from the neutron to the hydrogen nucleus is consid¬ 
erable because their masses are nearly equal; in fact, a pro¬ 
ton of about the same energy as that of the neutron is likely 
to be knocked out of the paraffm, and a proton can be readily 
detected by ordinary methods. This transfer of energy is 
similar to that which occurs when a fast-mo\’ing marble hits 
another of the same mass. If the hit is head-on, the first 
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marble stops and the second goes on with almost the speed 
of the tirslu If the second marble is muc'h heavier than the 
first,, it is more likely to cause the first merely to bounce off 
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COUNTER 

Figure 7. 


without much loss of energy. This effect of equal-sized 
particles is important in the methods discussed later for 
slowing down fast neutrons. 

As a source of pow('r, this reaction deptmds on naturally 
radioactive sources for a-part,icles, and kuice the rate of 
production of even 10 Mev neutrons is too slow to be used 
as a primai’y source of pow(w, although it tends in the right 
dii'ection. 






Chapter ill 

Artificial Radioactivity 

A rtificially prorluced radioactive substances were 
first recognized in 1933, when Curie and Johot were 
performing an experiment in which aluminum targets 
were bombarded by a-particles. The primary result was the 
production of neutrons as in Chadwick’s experiment. But 



Figure 8. 


the experimenters found that even after the a-particle bom¬ 
bardment had been stopped, the target continued to give off 
high-velocity particles, which were found to have the same 
mass as an electron but a positive charge like that of the 
proton (Figime 8). These positive electrons had been ob¬ 
served in cosmic-ray experiments a year earlier. The emis¬ 
sion of positive electrons from the phosphorus had all the 
random decay characteristics of a natural radioactive sub¬ 
stance, with a half-life of 2.5 min. This artificial radio¬ 
activity, which continues after the direct activating source 
has been turned off, fulfills one of the requirements that a 
power-producing reaction must satisfy. Here, however, the 
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energy of the 3 Mev positive electron is soon given up when 
the particle is neutralized by a negative electron, a process in 
which radiant energy of approximately one Mev is released. 
Since the a-particle causing the reaction had more than 
5.3 Mev, we still have an energy loss. 

Radio-Sodium 

Various types of machines were devised for increasing the 
speed, and hence the kinetic energy, of different ionized 
particles, in order to use them to induce nuclear reactions. 
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Figure 9. 


One of the most successful of these is the cyclotron, a device 
invented by Lawrence. He used dcuterons accelerated by a 
cyclotron to 2 Mev as projectiles, and sodium as a target, 
and was able to produce a radioactive sodium whose half- 
hfe of 14.8 hr makes it a very convenient substance to 
handle. The reaction, illustrated in Figure 9, shows that 
the magnesium nucleus gives off a proton and produces 
radioactive sodium. Then this sodium gives off both a /3-ray 
(electron) and a y-ray (radiation) just as some radioactive 
atoms do. A salt, sodium chloride, is made with this radio¬ 
sodium and then this salt is fed to an animal in a biological 
experiment. The final location of the radio-sodium and the 
rate at which it is absorbed may be measured merely by using 
a device for detecting the intensity of the emitted electrons. 
The half-life of nearly 15 hr allows all but a neghgible part 
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of the radiation to be lost in a week or so, and hence no 
lasting effect is produced. But the energy output is only 
about one Mev greater than that of th() incidcuil deuteroiis, 
and the cyclotron is a very im^fficient user of energy at best. 

By using different targets and proj(H*tiles, hundreds of 
other radioactive isotopc^s ha^^c been formed artificially with 
half-lives that range from less than a second to several 
thousand years. 

Neutron Reactions 

WTien neutrons are used as projectiles, radioa(‘ti\T‘ atoms 
are formed by either high-tuiergy or low-(mergy iK'utrons. 



Figure 10. 


The fast-neutron reactions often cause considcraljle disrup¬ 
tion of the nucleus, as in the case of a react ion using a carbon 
target, shown in Figure 10. Sin(;e the naasses of the carbon 
and neutron are 12.0007 and 1.0089, respectively, and those 
of berylhum and helium are 9.0128 and 4.0028, we find an 
energy defect of .0000 mass unit, or 5.0 Mev. This means 
that the energy of the neutron must be above 5.6 Mev 
before this reaction can take place. Any excess energy 
will increase the energies of the a-particle and beryllium 
nucleus at the end. This reaction is just the reverse of that 
in which Chadwick discovered the neutron (Figure 0), and 
neutrons are observed with energies up to 10 Mev. Very few 
reactions in which a-particles are emitted have been found. 
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Much of the work involving neutron bombardment was 
done by Fermi and his associates, who found that in some 
cases the activity was greatly increased by decreasing the 
energy of the neutrons. For instance, in the case of a silver 



Figure 11. 


target (as in Figure 11) radioaclivc silver was formed which 
gave off electrons of nearly 3 Mev when the energy of the 
inc ident ncut ron was only a few elect ron-volts. The fast neu¬ 
trons from t he usual sources may be slowed down by making 
them pass through some “moderator” in which they strike 
atoms light enough to cause the neutrons to gi\'c up most of 
their energy by (dastict collision, as was explained at the end 
of the last chapter. The best substance for this purpose is 
hydrogen, since prot ons and neutrons are almost identical in 
mass, but other light atoms might serve; carbon nuclei, for 
instance, absorb on the average about the energy of the 
neutron at each collision, and in very few collisions can 
reduce a million electron-volt neutron to one whose energy 
is on the same level as the heat energy of the other atoms 
in the neighborhood, say, of a few hundredths of an electron- 
volt. Hence any energy given off in a reaction caused by 
such a slow neutron is all released from the mass of the 
atoms involved. In fact, this kind of slow-neutron reaction, 
when uranium is used as a target, forms one of the best- 
known sources of atomic power. 




Chapter IV 

Nuclear Fission 

TN 1937 Enrico Fermi and his collaborators bombarded 
uranium by neutrons and reported that radioactive atoms 
had been produced whose half-lives were different from 
those of any known elements in the neighborhood of ura¬ 
nium in the periodic table. They believed them to l)e new 
elements of charge 93 and 94, so-called transuranic elements, 
and much work was done to establish their chemical identity. 
It was not until 1939 that another explanation based on an 
entirely new idea was given. Hahn and Strassmann reported 
that one of the radioactive products of the reaction which 
had a half-life of 86 min was identical with a known radio¬ 
active isotope of barium. Meit ner and Frisch suggested that 
the uranium atom might have been split into pieces of large 
masses, and that barium was only one possible partiede. 
They called this process “nuctlear fission” becau.se it re¬ 
sembled fission in biological processes. Since the mass of 
uranium is 235 or 238 and that of barium about 139, the 
mass of the other ‘'fission fragment” must be near 98. 
Almost immediately the identification of strontium and 
ytterbium in the products confirmed this conjecture, and 
many substances were identified with other observed half- 
lives of the reaction products. 

Fission Example 

A typical reaction is shown in Figure 12. The neutron is 
absorbed by the uranixim atom, here the U-235 isotope, and 
this U’*®* nucleus then splits into several pieces, which in this 
example are a xenon nucleus, a strontimn nucleus, and in 
addition, two fast neutrons. The masses involved in the 
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initial and final states of the system differ by more than .2 
mass unit, so there is produced a total of over 200 Mev of 
energy, which is divided among the products. 



Figure 1 2. 


Nuclear Theory 

The forces that keep the particles in a heavy nucleus 
tog(;ther were studied theoretically by Bohr and Wheeler, 
and by Frenkel, who showed t hat only a few elements at the 
very top of the periodic table possess just the right charac¬ 
teristics to permit fission. Their theory involves the use of 
a model of a heavy nucleus in the form of a large drop, like 
a drop of water, with the protons and neutrons filling the in¬ 
side. Protons and neutrons are assumed t o be held together 
by forces that act like those producing surface tension in the 
drop of water. The neutrons and protons, however, have in¬ 
dividual kinetic energies, and mutual forces of repulsion exist 
between the protons; these effects tend to disrupt the nucleus. 

For lighter atoms, the balance of energy is greatly in favor 
of the surface forces, and the nuclei are difficult to break 
apart. If a particle penetrates the nucleus, the energy bal¬ 
ance is disturbed and another particle may be released to 
restore the balance. But the emitted particle.is always 
small, and the remaining nucleus is about the same as that 
of the original target atoms. For the heavier atoms, this 
balance of internal energies becomes more delicate, 
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Theory of Fission 

When the numbers of neutrons and protons get as large 
as those found, for mstance, in the nucleus of 92 U“^ which 
contains 92 protons and 143 neutrons, the situation may be 
different. Here the balance of tmergy for disruption is just 
about equal to the energy holding the nucleus together. It 
is as if the drop of water w(a-t^ held logfdher l:)y a v(!ry weak 
surface tension. When a neutron approaches, slowly (uiough 
to add its energy to that of the nucleus, the balance is upset 
and the drop splits into fragnauits. 

Each fragment, since it. contains fewer neutrons and pro¬ 
tons than the unstable nucleus, is drawn together liy th(! 
tension forces among the smaller number of particles. Some 
few extra neutrons may get left out in the recombination, 
but the protons all go into (uther oiu^ fragnumt. or the othci’. 
The fragments may each contain various proportions of the 
92 protons available, and hence many different elemcuits may 
be formed. Actually only about 30 different, fission products 
of uranium have been identified in t wo groiqis, one having 
masses between 90 and 115, and the other having massi's 
between 125 and 145. This means that about two fifths of 
the protons are likely to be in one fragment and three fifths 
m the other. A division into equal halves is unlikely. Along 
with the protons go various numbers of the neutrons; but in 
general, there are too many of them to bring about a stable 
isotope in the first-formed fragments. An unstable mndeus 
thus formed emits an electron, and this emission is continued 
until a stable form of some other element is reached. 

Radioactive Fragments 

An illustration is given in Figure 12. Here the main frag¬ 
ments contain 54 and 38 protons, and 85 and 57 neutrons, 
respiectively. Two neutrons are left over, are emitted at 
high speed, and may start reactions in other nuclei. The 
64 Xe^®* nucleus is an unstable isotope of xenon, has a half- 
life of a few seconds, and gives off an electron to become 
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(Figure 13). This secondary product is also radio¬ 
active, with a half-life of 7 min, and gives off an electron 
to become Though this barium isotofie is radioactive 

too, it has a half-life of 86 min, and so a chemical analysis 



of the fission jii’odiicls is likely to show the presence of 
barium, as liahn and Strassmann found in their key experi¬ 
ment. The barium also gives off an electron and finally a 
stal)l(i isotope of lanthanum — namely, syLa^^'-^ — is left. 
The nucleus now has 57 protons and 82 neutrons, which 
provide just the coiTe(*t< energy balance. Incidentally, this 
ovLa^^^ is the only known stable isotope of lanthanum. 

The other original fragment goes through a similar series 
of changes (Figure 14). has ten more neutrons than 



Figure 14. 
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the heaviest stable isotope of strontium. The series of radio¬ 
active nuclei formed by successive electron emission is 
38 Sr»^ —39Y»^ —^Zr*"-’ —9- 4 iCb»-^ —42Mo'>^ After 
emission of four electrons, a stable isotope of molybdenum 
is reached. This isotope is only one of seven known stable 
forms of molybdenum. 

Energy Produced 

Thus the fission of one nucleus produces, in all, a 

nucleus of syLa'*^® and a nucleus of 42 M 0 ®'’, along with 2 neu¬ 
trons and 7 electrons. The mtisscs of the original 92 U^^* and 
of the neutron are 235.07.5 and 1.0089, respectively. The 
masses of the fission products are 138.920 and 94.925, plus 
twice 1.0089 for the neutrons, and .seven times .0054 for the 
electrons. The ex(;ess mass converted into energy amounts 
to .217 unit, or 202 Mev, divided among all the particles 
and the 7 -radiation that may occur. This energy yield is 
10 times greater than the energy produced in any known 
nuclear reaction, and the fission of a whole gram of 92 X 1 “® 
would produce 25,000 kw-hr. Other pairs of fission prod¬ 
ucts give approximately this same amount of energy, if not 
more. 


Fission in U-238 

A more detailed investigation shows that while fission 
may be caused in thorium and protactinium by fast neu¬ 
trons, thermal neutrons of energies of a few hundredths of 
an electron-volt are sufficient to produce fis.sion in 
Fast neutrons are needed for the more plentiful 92 X 1 ^^* isotope. 

Plutonium 

One effect of the slower neutrons on 92 X 1 ^^® has been the 
capture of the neutron and the formation of an unstable 
isotope of uranium, 92 X 1 ^“®, of half-life 23 min (Figure 15). 
This isotope of uranium gives off an electron and becomes 
a nucleus with 93 charges, more than on any atom found in 
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nature. This nucleus is also unstable, having a half-life of 
2.3 da, and it gives off another electron to form a nucleus 
of charge 94. These two nuclei are the transuranic elements 
which Fermi thought he had discovered several years before 
the fission of uranium actually was explained. The names 




NEUTRON 

URANIUM 

147^ 

UNSTABLE 

URANIUM 

/^3 14^ 

NEPTUNIUM 

PLUTONIUM 



y/yrfZ^T^. 


Figure 15. 


“neptunium” for the asNp element and “plutonium” for 
94 PU were selected, referring to the planets Neptune and 
Pluto, which are beyond Uranus in the solar system. 94 PtP'’® 
is radioactive with a moderately long half-life; it gives off an 
a-particle and becomes 92 U-'^. The most important property 
of 94 Pu*“*, howev^er, is that it undergoes fission even more 
readily than 92 !^^“. 

Probability of Fission 

Targets of ordinary UsOg are composed of one part of 
92 U“‘' to 139 parts of 92 U“**. Hence a slow neutron aimed at 
such a target has much less chance of producing fission than 
of being absorbed by a nucleus of 92 U'’'***. And there is a still 
greater chance that a slow neutron will pass through th(; 
target without causing any reaction at all. The lat ter chance 
can be decreased by increasing the size of the target, but 
calculations indicate that very large amounts of uranium, a 
cubic meter or so, would be required to eliminate this chance 
of escape. 
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Power 

As for power production, fission experiments are still 
dependent on sources of neutrons and large amounts of rare 
materials such as and giPu-^®. One feature of the fis¬ 
sion process which we have not yet, explained is, however, 
the deciding fac^lor in this sear(;h for atomic power. We 
saw that when a nucleus undergoes fission, fast neutrons 
are given off in addition to the major fission products. If 
these fast neutrons could producic more fissions, and if the 
neutrons released in these new fissions could cause still more 
fis.sions, then a “chain reaction” might be set up. Such a 
chain reaction would produ(!e fission at a rate high enough 
to provide a practical source of power. 



Chapter V 

Chain Reactions 


Ty/T OST of the nuclear reactions we have con,si(l(!refl so 
far produce relatively large amounts of energy per 
particle. However, the reactions require a steady stream of 
incident particles to insure t he production of any reasonable 
number of reactions per unit time. If the reaction itself were 
able to produce thes(; particles, which might then act upon 
other nuclei of the targ('t to k(!ep the reaction going, con¬ 
siderable power might be produced. Such self-sustaining 
processes are called “chain reactions.’’ The burning of a 
match is an example of a chain reaction: only the end is 
kindled by chemical reaction in the match head, and the 
burning wawd maintains its own combustion from point to 
point in the match. 

Fission Chain Reaction 

As soon as nuclear fission reactions were understood (espe¬ 
cially the fact that in addition to the large fragments more 
than one neutron might be produced in a single fission) it 
was suggested that a chain reaction could be maintained in 
this way — that is, by causing the reaction to produce a 
continuous stream of neutrons. Because of the different 
things that may happen to a fission neutron, a chain reaction 
will take place only when enough neutrons actually produce 
other fissions so that their number does not decrease. 

Condition for Fission 

Let us assume that a number of neutrons produced by 
fissions are flying around in a UaOg target (Figure 16). Some 
neutrons will escape from the target and be lost to the reac- 
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tion; others will be captured by 92 U“® atoms, producing a 
7 -ray; and some will be absorbed by oxygen atoms or fission 
products. In the case of slower neutrons, an electron emis¬ 
sion will be produced in 92 X 1 ^“. Neither the 7 -ray nor the elec¬ 
tron emission is useful in maintaining the chain reaction. 


ESCAPE 



Figure 16. 


Only a few of these neutrons will cause more fissions and more 
fission neutrons. Now, if the number of these additional 
fissions is actually larger than, or equal to, the original num¬ 
ber of neutrons, then a chain reaction will keep on going. 
We may express this condition by a factor K, which is the 
ratio of the number of fission-producing neutrons arising 
from one cycle to the number of fission-producing neutrons 
available at the begiiming of the cycle. Whenever this 
factor K is greater than or equal to 1, a chain reaction is 
possible; otherwise it is impossible. 

The whole problem of maintaining a chain reaction with 
continuous liberation of power involves methods of keeping 
this constant K above the limiting value 1. This means that 
methods must be devised to decrease the number of neu- 
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trons lost by escape and by absorption in other atoms, and 
to increase the number of fissions by slowing down the fast 
neutrons. 

Critical Size 

The escape of neutrons can be decreased by increasing the 
size of the target. In fact, most calculations are made on 
the basis of a target of infinite volume, and then reduced to 
practical dimensions by changing other factors. This means 
that the effect of escape is first neglected in computing one 
K, and then for a limited volume a slightly higher value of K 
will be requircid. The minimum volume of t he material which 
will maintain the chain reaction is called the “critical size’’ 
of the target; this is a very important factor in the design 
of the atomic bomb, whicih involves just this land of chain 
reaction. 

Absorption 

The absorption of neutrons in other atoms is minimized 
by making the target as pure as possible. Atoms of various 
elements differ considerably in their ability to absorb neu¬ 
trons. Some elements, like cadmium and some of the rare 
earths, are a hundred to a thousand times more effective 
than others. Only a small fraction, a few parts per million, 
of these high absorption elements may reduce the factor K 
well below the effective value. And no matter how pure the 
target is originally, after fission takes place the fragments 
introduce impurities which may have high absorption prop¬ 
erties. This “poisoning” of the target is a limitation which 
tends to stop the chain reaction after it once is started. 

Moderator 

When a stream of neutrons strikes a uranium target, the 
fast neutrons cause a small number of fissions in but 

slower neutrons cause the more frequent fissions of 92 X 1 “^ 
Since the neutrons given off during fission of 92 X 1 “^ are fast 
neutrons, they must be slowed down before they can be 
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expected to produce other fissions in nuclei. In order 
to cut down the speed of these fast neutrons, a “moderator” 
is used. A moderator consists of atoms whose masses are so 
small, nearly like those of the neutrons, that in a collision 
with one of them, a neutron will give up a considerable part 
of its momentum. Roughly speaking, the fraction of momen¬ 
tum given up on the average ptu collision is inversely pro¬ 
portional to the mass of the moderator atom. The best 
moderator, from the mass point of view, is hydrogen, since 
the proton ma.ss 1.007G is almost equal to that of the neu¬ 
tron, 1.0089. Hydrogen nuclei, however, stop many neutrons 
completely. Other more .suit able moderators are deuterium, 
beryllium, and carbon. A choice among these for a given 
experiment depends on the amount needed and on the phy.si- 
cal and chemical properties of the mod<vrators. 

Heavy water made from deuterium instead of hydrogen, 
and oxygen, is a convenient moderator. Since, in .slowing 
down neutrons, deuterium is about three times as effective 
as carbon, much .smaller amounts of deut(!rium are needed 
to produce the same results. However, deuterium is rela¬ 
tively rare, and only a limited amount of heavy water is 
available. 

Beryllium is a relatively scarce material, but may be used 
in small-scale experiments. 

Carbon is used as a moderator in the chain reaedion in¬ 
volved in prcniucing plutonium. Carbon is available in great 
quantity, and can Ixj made as pure as nece.ssary. It can also 
be used as a building material and as a .support for containers 
of uranium, various instruments, and cooling tubes. 

Slow-Neutron Fission 

The answer to why some nuclei favor slow neutrons and 
others require fast neutrons depends on the quantmn theory 
of interaction between nuclear particles. The answer does 
not depend on penetration energy entirely, for, if this 
were the case, fast neutrons would always produce more 
fissions than slow ones. The reason why some nuclei favor 
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slow neutrons and others require fast neutrons must be 
explained in terms of “phase” and “wave-length” effects 
like those of radio reception. The incident neutron has to be 
tuned, in a quant um mechanical sense, to a particular wave 
length which is characteristic of the fission process in the 
nucleus. This is an analogy, rather than a strict explana¬ 
tion of the process. 

Plutonium-Producing Pile 

To follow all these various factors in the production of a 
chain reaction, let us consider as an example the process 
used to manufa(!ture plutonium. A structure, called a pile, 
made of purified carbon has correctly spaced cyfindrical 
holes passing through it (Figure 17). Slugs of purified ura¬ 



nium are pushed into these holes. Rods of boron steel arc 
inserted into ot her holes to act as controls. Water is allowed 
to flow through the pile to control the temperature. When 
the boron rods are in place, their high absorption effect 
decreases the value of K in the pile to less than 1, and so 
any reactions will die out from lack of neutrons. When the 
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rods are pulled out to a certain point, the absorption effect 
is decreased, and K may be made greater than 1 . Then 
any fissions produced by stray radioactive products or by 
cosmic rays wiU produce fast neutrons which may strike 
atoms to produce fission and a few more neutrons 
(Figure 18). 



This fission of » 2 U”* tends to increase the over-all value of 
K, but the probabihty is low that it will happen with any 
one neutron. During the reaction, other neutrons will be 
slowed down, by passing through layers of carbon, to en¬ 
ergies of a few electron-volts and will be absorbed by 
and the resulting nucleus will decay to form gaNp^® 

and then 94 PU®®®. The boron rods absorb other neutrons. 
The absorption of some neutrons by other impurities and 
fission products gives various reactions, and this loss becomes 


* Energies of a few electron-volts are most favorable for absorption by 
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more important as time goes on. Still other neutrons are 
slowed down by the (;arbon to thermal energies of about .03 
ev and cause fission in 92 U’''*®, with the resultant production 
of more fast neutrons. 

Power Production 

Energy production can be controlled by \'arying the posi¬ 
tion of the boron rods and the over-all design of the pile. 
The heat produced in various reactions may be absorbed l)y 
the water, sinc;e an increase in temperature decreases K by 
increasing the thermal energy of the neutrons. This tem¬ 
perature is of the order of 400-600° Fahrenheit, so that the 
pile is not. a very good .source of power. This pile, however, 
is designed mainly to produce as much as possible; 

piles of other designs have been made to work at higher 
t emperatures. 

Finally, the slugs of uranium in the pile can then be 
pushed out of the holes and carrietl to a chemical separation 
plant, in which the uranium and ot her elements are removed 
and the small amount of <j 4 Pu-^“ is collected. The uranium is 
recovered and returned to the pile. The radioactive fission 
products are usually allowed to pass off in solution or as 
gases, and proper precaut ions must be taken to avoid effects 
damaging to life. 

Atomic Bomb 

Another example of a chain reaction of a different kind is 
that used in the atomic bomb. Here the g(iometric design 
of the constituents made the factor K so large that even the 
reduced number of fissions due to fast neutrons was suffi¬ 
cient to cause a chain reaction. By using nearly pure 
or 94 Pu^®® in an amount above the critical .size, and by cov¬ 
ering it with a substance which decreased the number of 
escape neutrons by acting as a sort of reflecting container, 
the chain reaction was made to take place at such a rapid 
rate that an extremely large amount of energy was liberated 
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almost instantaneously (Figure 19). If an amount of, say, 5 
kg was present, and 500 g of it underwent fission before the 
bomb had time to spread far apart, say, in a few millionths 
of a second, the power released would be 13 million kw. All 
this power is developed at very high temperatures, with a 



sudden increase in pressure, and a sharp shock wave, so that 
the reaction is not a useful source of power for peaceful 
purposes. Since this type of chain reaction cannot be main¬ 
tained without the presence of a critical amount of the ele¬ 
ment, the chain reaction is controlled by keeping several 
pieces of smaller size separated, and then suddenly shooting 
them together to explode the bomb. In this way the reaction 
takes place before the bomb can explode and leave too much 
undissociated material behind. The design of this control 
mechanism is, perhaps, the key to the safe handling and 
effective functioning of the bomb. 
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Power Source from Fission 

A practical source of atomic power must produce a con¬ 
tinuous supply of energy at a rate which can be absorbed 
by heating a gas or hquid to a high, but not too high, tem¬ 
perature. Such a source probably will be made up of a high 
concentration of pure 92 U^*'’, or p(3rhaps of 94 Pu"'^®, with a 
suitable moderator. There must be provision for absorbing, 
or making harmless, the radioactive fission products, and 
sufficient shielding to absorb all escaping neutrons. This 
source of powTr may be no larger than an ordinary home 
heating unit provided that the sliielding is not taken into 
account, but. will be capable of producing many kilowatts 
of power. As to comparative cost of this and other power 
sources, no estimate can be made until commer(“ial sources 
of pure uranium isotopes are established. At present, the 
engineering problems involved in such a device are numer¬ 
ous, but the phJ^sical model has been established in the plu¬ 
tonium-producing pile. 




Part III 

Summary of the Development of Atomic 
Energy Leading to the Atomic Bomb 

Abstracted by Dr. A. H. Fox from the Report Written 
by Professor H. D. Smyth at the Request of Major 
General L, R. Groves^ United States Army 




Figure 1 Ma|or General Leslie R Groves, Left, Officer in Charge of the 
Government’s Atomic Bomb Project at Oak Ridge, Near Knoxville, Tennessee, 
Checking Data m His Office with Brigadier General Thomas F. Farrell, His 
Assistant. 





Chapter I 


History of the Development 

ly/T AJOR GENERAL L. R. Groves stated in the Fore- 
word to Professor Smyth’s account of the Atomic 
Bomb Project, “There is no reason why the administrative 
history of the Atomic Bomb Project and the basic scientific 



Figure 2. Two U. S. Army Officers Who Played Important Roles in the 
Development and Manufacture of the Atomic Bomb. At Left, Colonel Franklin 
T. Matthias, Commanding Officer of the Hanford Engineering Works, Near Pasco, 
Washington; and at Right, Colonel Kenneth D. Nichols, District Engineer of the 
Manhattan Project at Oak Ridge, Tennessee. 

knowledge on which the several developments were based 
should not be available now to the general public, 

“The success of the development is due to the many 
thousands of scientists, engineers, workmen, and administra- 
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tors — both civilian and military — whose prolonged labor, 
silent perseverance, and whole-hearted cooperation have 
made possible the unprecedented technical accompUsh- 
ments.” 

General State of Nuclear Physics in 1940 

By 1940 nuclear reactions had been intensively studied 
for over ten years. Several books and review articles on the 
subject had been published. New techniques had been devel¬ 
oped for producing and controlling nuclear projectiles, for 
studying artificial radioactivity, and for .separating sub- 
microscopic quantities of chemical elements produced by 
nuclear reactions. Isotope masses had been measured accai- 
rately. Neutron capture cross sections had been mcjisured. 
Methods of slowing down neutrons had been developed. 
Phy.siological effects of neutrons had lx;cn observed: They 
had even Ixsen tried in the treatment of cancer. All such 
information w^as generally available, but was incomplete be¬ 
cause of many gaps and inaccuracies. Techniques of nuclear 
reactions were difficult, and the quantities of materials avail¬ 
able were often sub-microscopic. Although the fundamental 
principles of the reactions were clear, the theory contained 
unverified as.sumptions, and calculations were hard to make. 
Predictions made in 1940 by different physicists of equally 
high ability were often at variance. The .subject was, in all 
too many respects, an art rather than a science. 

In retrospect, we see that all prerequisites to a serious 
attack on the problem of producing atomic bombs and con¬ 
trolling atomic power were at hand in the year 1940. The 
equivalence of mass and energy had been demonstrated. It 
had been proved that the neutrons? initiating fission of ura¬ 
nium reproduced themselves in the process, and therefore 
that a multiplying chain reaction might occur with explosive 
force. To be sure, no one knew whether the required con¬ 
ditions could be achieved, but many scientists had clear 
ideas about the problems involved and the directions in 
which solutions might be sought. 
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Statement of the Problem 

From the first discovery of the large amounts of energy 
released in nuclear reactions to the discovery of uranium 
fission, the idea of atomic power or even atomic bomVjs was 
discussed periodically in scientific circles. With the discov¬ 
ery of atomic fission, this talk appeared much less specula¬ 
tive than before, but the possibility of producing atomic 
power still seemed in the distant future, and there was a 
belief among many scientists that the possibility might not, 
in fact, ever be realized. During 1939 and 1940, many public 
statements, some by responsible scientists, called attention 
to the enormous energy available in uranium for explosives 
and for controlled power, so that “U-235” became a famihar 
by-word, intlicating great t hings to come. The possible mili¬ 
tary importance of uranium fission was called to the atten¬ 
tion of the government, and in a confi^rence with representa¬ 
tives of the Navy Department in March 1939, Fermi sug¬ 
gested the possibility of achieving a controllable reaction 
using slow neutrons or a reaction of an explosive character 
using fast neutrons. He pointed out, howev^er, that the 
data then available might be insufficient for accurate pre¬ 
dictions. 

By the summer of 1940, it was possible to formulate the 
problem of controllable nuclear reactions fairly clearly, 
although scientists were yet unable to answer the various 
questions involved or even to decide whether a chain reac¬ 
tion ever could be obtained. In this chapter, we shall state 
the problem in its entirety. For purposes of clarification, 
we may cite facts and conclusions out of chronological order, 
but these facts and conclusions will be in context with the 
ideas being discussed. 

It had been established (1) that uranium fission did occur 
with release of great amounts of energy and (2) that in the 
process of fission, extra neutrons which might start a chain 
reaction were set free. That such a reaction should take 
place and that it should have very important military appli- 
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cation as a bomb was not contrary to any known principle. 
However, the idea was revolutionary and therefore suspect; 
certain it was that many technical ox)erations of great diffi¬ 
culty would have to be worked out. before such a bomb 
could be produced. Probably the only materials satisfactory 
for a bomb were eijffier U-23o, which would have to be 
separated from the 140-times more abundant isotope U-238, 
or^ Pu-239, an isotope of the hitherto unknown element 
plutonium, which would have to be generated by a (con¬ 
trolled chain-reacting j)rocess itself hitherto unknown. To 
achieve such a controlled chain rea(*tion, uranium metal and 
heavy water (ir beryllium or carbon might have to be pro¬ 
duced in great (quantity with high jnirity. Once bomb mate¬ 
rial had been {iroduced, a jirocess would have t o be developed 
for using th(* material safely and effectively. 

By the summer of 1940, the National Defense Research 
Coimnittec had been formed and was asking many .scientists 
to work on urgent military problems. Scientific personnel 
was limited (although this was not fully realized at the time). 
Con-seciuently, to (k'cido at what rate work should be carried 
forward on an atomic bomb was difficult . The decision had 
to Ik' review(*d Icy the Re.sccarch Committee at frequent in¬ 
tervals during the subsequent four years. 

Interest in Military Possibilities 

The announcement of the hypothe.sis of fi.ssion and its 
experimental confirmation took place in January of 1939. 
Immediate interest was arouised in the possible military use 
of the large amounts of energy released in fission. At. that 
time, American-born nuclear physicists were so unaccus¬ 
tomed to using their science for military purposes that they 
hardly realized what needed to be done. Consequently, early 
efforts both at restricting publication and at getting gov¬ 
ernment support were stimulated largely by a small group 
of foreign-born physicists centering on L. Szilard and in¬ 
cluding E. Wigner, E. Teller, V. F. Weisskopf, and Enrico 
Fermi. 




Figure 3. Professor Enrico Fermi, Who Won the 1938 Nobel Prize for His 
Radioactive Substances. 
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The National Academy Reviewing Committee Report 

In the spring of 1941 F. B. Jewett, president of the Na¬ 
tional Academy of Sciences, appointed the National Academy 
Reviewing Committee to evaluate the mihtary importance 
of the uranium problem. This committee consisted of 
A. H. Compton, chairman, W. D. Coolidge, E. 0. Lawrence, 
J. C. Slater, and J. H. Van Vleck. 

The committee’s first report, in May 1941, mentioned 
(a) radioactive poisons, (b) atomic power, and (c) atomic 
bombs, but the emphasis was on power. The second report 
stressed the importance of the new results obtained from 
experimentation on plutonium, but was not specific about 
the mihtary uses to which the fission process might be put. 
Both these reports urged that the project be pushed more 
vigorously. 

The third report (November 6, 1941) was specifically con¬ 
cerned with the “possibihties of an explosive fission reaction 
with U-235.” Although neither of the first two National 
Academy reports indicated that uranium would be likely to 
be of decisive importance in World War II, this possibility 
was emphasized in the third report. We can do no better 
than quote portions of this report. 

Since our last report, the progress toward separation of the 
isotopes of uranium has been such as to make urgent a considera¬ 
tion of (1) the probability of success in the attempt to produce a 
fission bomb, (2) the destructive effect to be expected from such 
a bomb, (3) thd^feticipated time before its development can be 
completed and production be underway, and (4) a preliminary 
estimate of the costs involved. 

1. Condition for a Fission Bomb 

A fission bomb of superlatively destructive power will result from 
bringing quickly together a sufiicient mass of element U-235. This 
seems to be as sure as any untried prediction based upon theory 
and experiment can be. 

Our calculations indicate further that the required masses can 
be brought together quickly enough for the reaction to become 
efficient. . . . 
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2. Destructive Effect of Fission Bombs 

a. Mass of the Bomb 

The mass of U-23o required to 'produce explosive fission under 
appropriate conditions can hardly he less than 2 kg {44 Ih) nor 
greater than 100 kg {220 lb). These wide limits reflect chiefly the 
experimental uncertainty in the capture cross section of U-235 
for fast neutrons. . . . 

b. Energy Released by Explosive Fission 

Calculations for the case of masses ])roperly located at the ini¬ 
tial instant indicate that between 1 and 5 i)er cent of the fission 
enerfyy of the uranium should be released at a fission explosion. 
This means from 2 to 10 X 10*^ kilocalories ])er kilogram of ura¬ 
nium 235. The available explosive energy 'per kilogram of \iranium 
is thus equivalent to several hundred tons of TNT. 

3. Time Required for Development and Production of the Necessary 

U-235 

a. Amount of Uranium Needed 

Since the destructiveness of present bombs is already an impor¬ 
tant factor in warfare, it is evident that, if the destructiveness of 
the bombs is thus increased 10,()00-fold, they should become of 
decisive importance. 

The amount of uranium required will, nevertheless, be large. 
If the estimate is correct that 500,000 tons of TNT bombs would 
be reiquired to devastate Germany\s military and industrial objec¬ 
tives, from 1 to 10 tons of U~235 will be required to do the same job. 

b. Separation of U-235 

The separation of the isotopes of uranium can be done in the nec¬ 
essary amounts. Several methods are under development, at least 
two of which seem definitely adequate, and are approaching the 
stage of practical test. These are the methods of the centrifuge 
and of diffusion through porous barriers. Other methods are being 
investigated, or need study, which may ultimately prove superior, 
but which are now farther from the engineering stage. 

c. Time Required for Production of Fission Bombs 

An estimate of time required for development, engineering, and 
production of fission bombs can be made only very roughly at this 
time. 
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If all possible effort is spent on the program, one might, how¬ 
ever, exjject fission bombs to be available in significant quantity 
within three f)r foiir years. 

4. Rough Estimate of Costs 

(The figures given in the Academy report under this heading 
were recognized as only rough estimates, since the scientific and 
engineering data for greater precision were not available. The 
figures showed only that the undertaking would be enormously 
expensive, but in line with other war exjienditurcs.) 

The report then goes on to consider what requirements 
were needed immediately and what reorganization in the 
undertaking was desiral)le. 

Summary of Progress up to December 1941 

We wish to revi(>w the next eighteen months’ progress. 
Tangible progress was not great. No chain reaction had 
bc'en achieved; no appreciable amount of U-235 had been 
sc'parated from U-238; only minute amounts of Pu-239 had 
been produced; and production of largr^ quantities of ura¬ 
nium metal, heavy water, beryllium, anrl pure graphite was 
still largely in the discu.s.sion stage. But there had been 
progress. Mathematical constants were better known; cal¬ 
culations had been checked and extended; and guesses about 
the existence and nuclear properties of Pu-239 had been 
verified. Some study had been made of engineering prob¬ 
lems, process effectiveness, costs, and time s(!hedules. Most 
important of all, the critical size of the bomb had been 
shown to Ije almost, ccirtainly within practical limits. Alto¬ 
gether the likelihood that the problems might be solved 
seemed greater in every case than it had in 1940. Perhaps 
more important than the actual change was the psychologi¬ 
cal change. Possibly Wigner, Szilard, and Fermi were no 
more thoroughly convinced that atomic bombs were possible 
than they had been in 1940, but many other people had 
become familiar with the idea and its possible consequences. 

Apparently, the British and the Germans, both grimly at 
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war, thought the problem worth undertaking. Furthermore, 
the whole national psychology of the American people had 
changed. Although the attack on Pearl Harbor was yet to 
come, the impending threat of war was much more keenly 
felt than before, and expenditures of effort and money that 
would have seemed enormous in 1940 were considei-ed obvi¬ 
ously necessary precautions in December 1941. Thus, il, was 
not surprising that Dr. Vannevar Bush, Director of the 
Office of Scientific Research and Development, and his many 
associates felt it was time to push t he uranium j)rojecl vigor¬ 
ously. For this purpose, there was created an entirely new 
administrative organization. 

Summary of Administrative History, 1942-1945 

By the end of 1941, as a result of an extensive review of 
the whole uranium situation, Bush and his ad\’isers decided 
to increase the effort on, and change (he organization of, the 
uranium project. — a decision which was approved by Presi¬ 
dent Roosevelt. From January 1942 until early summer of 
1942, the uranium work was directed l)y Bush and Donant, 
who worked with ( he Program C'hiefs and a Planning Board. 
In the sununer of 1942 the Army, through its Corps of En¬ 
gineers, was assigned an active part in the procurement and 
engineering phases, and organized the Manhattan District 
for the purpose. In September 1942, Dr. Bush, Dr. Conant., 
General Styer, and Admiral Purnell were appointed as a 
Military Policy Conunittee to determine the general policies 
of the whole project. Also in September, General Groves 
was appointed to take charge of all Army activities on the 
project. The period of joint OSRD * and Army control con¬ 
tinued through April 1943, with the Army playing an in¬ 
creasingly important role as the industrial effort got fullj'’ 
under way. In May 1943 the research contracts were trans¬ 
ferred to the Corps of Engineers; the period of joint OSRD- 
Army control ended, and the peripd of complete Army 
control began. 

* Office of Scientific Research and Development. 
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Since the earliest days of the project, President Roosevelt 
had followed it with interest and continued, until his death, 
to study and approve the broad programs of the Military 
Pohcy Committee. President Truman, who as a United 
States Senator had been aware of the magnitude of the proj¬ 
ect, was given, immediately after his inauguration, the com¬ 
plete up-to-date picture by the Secretary of War and Gkmeral 
Groves at a White House conference. Thereafter the Presi¬ 
dent gave the program his complete support and kept in 
constant touch with progress made. 

Summary of the Metatiurgical Project at Chicago in 1942 

The procurement problem, which had been delaying prog¬ 
ress, was essentially solved by the end of 1942. A small 
self-sustaining graphite-uranium pile was constructed in No¬ 
vember 1942, and was put into operation for the first time 
on December 2, 1942, originally at a power level of w, 
and later at a level of 200 w. The graphite-uranium pile was 
easily controllable owing to the phenomenon of delayed neu¬ 
tron emission. A total of 500 micrograms of plutonium, 
made wuth the cyclotron, was separated by chemical means 
from the uranium and fission products. Enough was learned 
of the chemistrj" of plutonium to indicate the possibility of 
separating plutonium on a relatively large scale. No great 
advance was made in the theory of the atomic bomb, but 
calculations were checked and experiments with fast neu¬ 
trons were extended. If anything, the prospects for produc¬ 
ing atomic bombs looked more favorable than they did a 
year earlier. 

Enough experimenting and planning were done to deline¬ 
ate the problems involved in constructing and operating a 
large-scale production plant. The type of plant receiving 
first choice was one having a pile of metallic uranium and 
graphite, cooled either by helium or by water. A complete 
and detailed program, including time and cost estimates, 
was drawn up for the construction of pilot and production 
plants. 
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Summary of the Plutonium-Production Problem as of Febru¬ 
ary 1943 

By the first of January 1943, the Metallurgical Labora¬ 
tory had achieved its first objective; the production of a 
chain-reacting pile, and was well on the way to its second 
objective: a process for extracting the plutonium produced 
in such a pile. Clearly it was time to formulate more defi¬ 
nite plans for building a producdion plant . The policy deci¬ 
sions were made Vjy t he Policy Committee on the recommen¬ 
dations from the I.iaborat.ory Director (A. H. Compton), 
from the S-1 Execiutive Committee of the Office of Scien¬ 
tific; Research and Development, and from the National 
Academy Reviewing Committee, which had visited Chicago 
in December 1942. The only decisions already made had 
been that the first chain-reacting pile be dismantled and 
then reconstructed a short dist ance from Chicago, and that a 
1000-kw plutonium plant be built at Clinton, Tennessee. 

Now, a large figure was .set as the goal of plutonium pro¬ 
duction, a figure which, for reasons of security, may not be 
disclosed to the public. 

The production of one gram of plutonium per day corre¬ 
sponds to a generation of energy at the rate of 500 to 
1500 kw. Therefore a plant for large-scale production of 
plutonium will release a very large amount of energy. 
Hence, the problem was to design a plant of this capacity 
on the basis of experience with a pile that could operate at 
a power level of only .2 kw. As regards the plutonium sepa¬ 
ration work, which was equally important, it was necessary 
to draw plans for an extraction and purification plant which 
would separate a certain number of grams a day of pluto¬ 
nium from a certain number of tons of uranium, and such 
planning had to be based on information obtained by micro¬ 
chemical studies involving only half a milligram of pluto¬ 
nium. To be sure, information for designing the large-scale 
pile and separation plant was available from auxiliary experi¬ 
ments and from large-scale studies of separation processes of 
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uranium instead of plutonium, l)ut even so, the proposed 
extrapolations, both as to chain-reacting piles and as to 
separation processes, were staggering. In pca(;etime no en¬ 
gineer or scientist in his right mind would consider making 
such a leap from small- to large-scale production in a single 
step, and even in w^artimc only the imperative need for 
achieving tremendously important results could justify it. 

By January 1943, the decision had been made to build a 
large-capacity plutonium-production plant. This meant pro¬ 
ducing a pile developing thousands of kilowatts and con¬ 
structing a chemical-separation plant to extract the pro<luct. 
The du Pont Company was to design, construct, and oper¬ 
ate the plant ; the Metallurgical Laboratory was to do the 
necessary research. A site was chosen on the Columbia 
River at Hanford, Washington. A tentative decision to 
build a hehum-cooled plant was reversed in favor of water¬ 
cooling. The principal problems were those involving lattice 
design (the arrangement of uranium and its moderator), 
loading and unloading, choice of materials particularly with 
reference to corrosion and radiation, water supply, controls 
and instrumentation, health hazards, chemical-separation 
process, and design of the separation plant. Plans were 
made to conduct the necessary fundamental and technical 
research and for the training of operators. Arrangements 
were made for haison between du Pont and the Metallurgical 
Laboratory. 

Summary of the Plutonium Problem January 1943 to 
June 1945 

Two types of neutron absorption are fundamental to the 
operation of the plant: one, neutron absorption in U-235, 
resulting in fission, maintains the chain reaction as a source 
of neutrons; the other, neutron absorption in U-238, leads 
to the formation of plutonium, the desired product. 

The course of a nuclear chain reaction in a graphite¬ 
moderated heterogeneous pile can be described by following 
a single generation of neutrons. The original fast neutrons 
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are slightly increased in number by fast fission, reduced by 
resonance absorption in U-238, further reduced by absorp¬ 
tion at thermal energies in graphite and other materials, and 
by escape; th(^ remaining neutrons, which have been slowed 
in the graphite, (*ause fission in U-235, producing a new gen¬ 
eration of fast neutrons similar to the previous generation. 

The product, plutonium, must be separated by chemical 
processes from a comparable quantity of fission products and 
a much larger quantity of uranium. Of several possible 
separation processes, the one chosen consists of a series of 
reactions including precipitating with carriers, dissohing, 
oxidizing, and reducing. 

The chain reaction was studied at low power at the Ar- 
gonne Laboratory beginning early in 1943, Both chain- 
reaction and chemical-separation processes were investigated 
at the Clinton Laboratories beginning in November 1943, 
and an appreciable amount of plutonium was prodiK'cd there. 

Construction of the main production plant at Hanford, 
Washington, was begun in 1943, and the first large pile went 
into operation in September 1944. The entire plant was in 
operation by the summer of 1945, with all chain-reacting 
piles and chemi(‘al-separation plants performing better than 
had been anticipated. 

Extensive studies were made on the use of heavy water 
as a moderator, and an experiment al pile containing heavy 
water was built at the Argonne Laboratory. Plans for a 
production plant using heavy water were gi\^en up. 

The Health Division was active along three main lines: 
(1) medical examination of personnel, (2) advice on radia¬ 
tion hazards and constant che(‘k on working (*onditions, and 
(3) research on the effects of radiation. 

Summary of the General Discussion of the Separation of 
Isotopes 

The possibility of producing an atomic bomb of U~235 
was recognized before plutonium was discovered. Because 
the separation of the uranium isotopes would be a direct 



80 


DEVELOPMENT OF THE ATOMIC BOMB 


and major step toward making such a bomb, methods of 
separating uranium isotopes have been under scrutiny for at 
least six years. Nor was attention confined to uranium: the 
separation of deuterium was also of great importance. 

The principal methods of isotope separation were known 
in principle and had been reduced to practice l)efore the 
separation of uranium isotopes became of paramount im¬ 
portance. The methods had been applied neither to ura¬ 
nium, except for the separation of a few micrograms, nor to 
any substance on a scale comparable to that now required. 
But the fundamental questions were costs, efficiency, and 
time, not of principle; in other w'ords, the problem was fun¬ 
damentally technical, not scientific. The plutonium-produc¬ 
tion problem did not reach a similar stage until after the 
first self-sustaining chain-reaeding pile had operated and the 
first microgram amounts of plutonium had been separated. 
Even after this stage, many experiments done on thc^ plu¬ 
tonium project were of vital interest for the military use 
either of U-235 or plutonium, and for the future develop¬ 
ment of nuclear power. As a consequence, the plutonium 
project has continued to have a more general interest, than 
the isotope separation projects. Many si)ecial problems arose 
in the separation projects which were extremely interesting 
and which required a high order of scientific ability for their 
solution, but which must still be kept secret. It is for such 
reasons that the present non-technical report has given first 
emphasis to the plutonium project and will give less space 
to the separation projects. This is not to say that the sepa¬ 
ration problem was any easier to solve or that its solution 
was any less important. 

Except in electromagnetic separators, isotope separation 
depends on small differences in the average behavior of 
molecules. Such effects are used in six “statistical” separa¬ 
tion methods: (1) gaseous diffusion, (2) distillation, (3) cen¬ 
trifugation, (4) thermal diffuaon, (5) exchange reactions, 
and (6) electrolysis. Probably only methods (1), (3), and (4) 
are suitable for uranium. Methods (2), (5), and (6) are pre- 
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ferred for the separation of deuterium from hydrogen. In 
all these “statistical” methods, the separation factor is small 
so that many stages are required, but in the case of each 
method, large amounts of material may be handled. All 
these methods had been tried with some success before 1940; 
however, none had been used on a large scale and none had 
been used for uranium. The scale of production by electro¬ 
magnetic methods was even smaller, but the separation fac¬ 
tor was larger, d’ho electromagnetic method had apparent 
limitations of scale. There were presumed to be advantages 
in combining two or more methods because of the differences 
in performance at different stages of separation. The prob¬ 
lem of developing any or all of these separation methods was 
not one of scientific principle, but a technical one of scale and 
cost. Developments in separation methods can therefore be 
reported more briefly than those of the plutonium project, 
although they arc no less important. A pilot plant using 
centrifuges was built and operated successfully. No large- 
scale plant was built. Plants were built for the production 
of heavy water by two different methods. 

Summary of the Separation of the Uranium Isotopes by 
Gaseous Diffusion 

Work at Columbia University on the separation of iso¬ 
topes by gaseous diffusion began in 1940, and by the end of 
1942, the problems of large-scale separation of uranium by 
this method had been well defined. Sinc^e the amount of 
separation that could be effected by a single stage was very 
small, several thousand successive stages were required. It 
was found that the best method of connecting the many 
stages required extensive recycUng, so that thousands of 
times as much material would pass through the barriers of 
the lower stages as would ultimately appear as product from 
the highest stage. 

The principal problems were the development of satisfac¬ 
tory barriers and pumps. Acres of barrier and thousands of 
pumps were required. The obvious proces&-gas was uranium 
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hexafluoride, for which the production and handling difficul¬ 
ties were so great that a search for an alternative was under¬ 
taken. Since much of the separation was to be carried out 
at low pressure, problems of vacuum technique arose on a 
previously unheard-of scale. Many problems of instrumen¬ 
tation and control were solved; extensive use was made of 
various forms of mass spectrograph. 

The research was carried out principally at Columbia un¬ 
der Dunning and Urey. In 1942, the M. W. Kellogg Com¬ 
pany,* which was chosen to design the plant, set up the 
Kellex Corporation for the purpose. The plant was built by 
the J. A. Jones Construction Company. The Carbide and 
Carbon Chemicals Corporation was selected as operating 
company. 

A satisfactory barrier was developed, although the final 
choice of barrier t ype was not made until the construction 
of the plant was well under way at Clinton Engineer Works 
in Tennessee. Two types of centrifugal blower were devel¬ 
oped to the point where they could take care -of the pump¬ 
ing requirements. The plant was put into successful opera¬ 
tion before the summer of 1945. 

Summary of Electromagnetic Separation of Uranium Isotopes 

The possibility of large-scale separation of the uranium 
isotopes by electromagnetic means was suggested in the fall 
of 1941 by E. O. Lawrence of the University of California 
and H. D. Smyth of Princeton University. 

By the end of December 1941, when the reorganization 
of the whole uranium project was effected, Lawrence had 
already obtained some samples of separated isotopes of ura¬ 
nium, and in the reorganization he was placed in charge of 
the preparation of further samples and of making various 
associated physical measurements. However, just as the 
Metallurgical Laboratory very soon shifted its objective 
from the physics of the chain reaction to the large-scale pro- 


See Part V for report. 



Figure 4. Professor John R. Dunning with Cyclotron of Columbia University. 
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duction of plutonium, the objective of Lawrence’s division 
immediately shifted to the effecting of large-scale separa¬ 
tion of uranium isotopes by electromagnetic methods. This 
change was prompted by the success of the initial experi¬ 
ments at California, and by the development, at California 
and at Princeton, of ideas on other possible methods. Of 
the many electromagnetic schemes suggested, three soon 
were recognized as being the most promising; the “ calutron ” 
mass separator, the magnetron-type separator later devel¬ 
oped into the "ionic centrifuge,” and the “isotron” method 
of "bunching” a beam of ions. The first two of these 
approaches were followed at California, and the third was 
followed at Princeton. After the first few months, by far 
the greatest effort W’as put on the calutron, but some work 
on the ionic centrifuge was continued at California during 
the summer of 1942 and was further continued by J. Slepian 
(at the Westinghouse laboratories in Pittsburgh) on a small 
scale through the winter of 1944-1945. Work on the isotron 
was continued at Princeton until February 1943, when most 
of the group was transferred to other work. 

A. O. Nier’s electromagnetic mass spectrograph was set up 
primarily to measure relat ive abundances of isotopes, not to 
separate large samples. Using vapor from uranium bromide, 
Nier had prepared several small samples of separated iso¬ 
topes of uranium, but his rate of production was very low, 
indeed, since his ion current amounted to less than one 
microampere. (A mass spectrograph, in which one micro¬ 
ampere of normal uranium ions passes through the separat¬ 
ing fields to the collectors, will collect about one microgram 
of U-235 per 16-hr day.) The great need of samples of en¬ 
riched U-235 to carry on nuclear study was recognized early 
by Lawrence, who decided to see what could be done with 
the help of the 37-in. (cyclotron) magnet at Berkeley. The 
initial stages of this work were assisted by a grant, later 
repaid, from the Research Corporation of New York. Be¬ 
ginning January 1, 1942, the entire support came from the 
OSRD through the S-1 Committee. Later, as in other de- 
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partments of the uranium project, the contracts were taken 
over by the Manhattan District. 

At Berkeley, after some weeks of planning, the 37-in. 
cyclotron was dismantled on Nov^ember 24, 1941, and its 
magnet used to produce the magnetic fi(>ld required in what 
came to be called a “calutron” (a name repicscnting a 
contraction of “California TIniversity cyclotron”). An ion 
source consisting of an 
electron beam travers¬ 
ing the vapor of a lu a- 
nium salt was set uj) 

(Figure 5). The move¬ 
ment of ions was then 
accelerated thi'ough a 
slit into the separating 
region, where the mag¬ 
netic field bent their 
paths into semicircles 
terminating at the col¬ 
lector sUt. By Decem¬ 
ber 1,1941, molecul ar ion 
beams from the residual 
gas were obtained, and shortly thereafter the bejim consisting 
of singly charged uranium ions (U-|-) was brought up to an 
appreciable strength. It was found that a considerable pro¬ 
portion of the ions leaving the source were U + ions. For the 
purpose of testing the collection of separated samples, a col¬ 
lector with two pockets was installed, the two pockets being 
separated by a distance appropriate to the mass numbers 
235 and 238. Two small collection runs, using 11+ beams of 
low strength, were made in Dcicembcr, but subsequent anal¬ 
yses of the samples showed only a small separation factor. 
(Note that even in this initial experiment the separation 
factor was much larger than in the best gaseous diffusion 
method.) By the middle of January 1942, a run had been 
made with a reasonable beam strength, and an aggregate 
flow, or through-put, of appreciable amount which showed a 
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Figure 5. Electromagnetic Separation of 
Isotopes. 
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much improved separation factor was obtained. By early 
February 1942, beams of much greater strength were ob¬ 
tained, and Lawrence reported that good separation factors 
were obtainable with such beams. By early Mardi 1942, 
the ion current had been raised still further. These results 
tended to bear out Lawrence’s hopes that space charge 
could be neutralized by ionization of the residual gas in the 
magnet chambei'. 

Initially a large number of different methods were con¬ 
sidered and many exploratory experiments performed. The 
main effort, however, soon became directeil toward the 
development of the calutron, the objective being a high 
separation factor and a large current, in the positive ion 
beam. By this time it was clear that the calutron was poten¬ 
tially able to effect separation on a much larger scale than had 
ever before been approached. 

Turning to the problem of effecting more complete utiliza¬ 
tion of the ions, we must (consider in some detail the prin¬ 
ciple of operation of the calut ron. The (‘alutron depends on 
the fact that singly charged ions, moving in a uniform mag¬ 
netic field perpendicular to their direction of motion, are 
bent into circular paths of radius proportional to their mo¬ 
menta. Considering now just a single isotope, it is apparent 
that the ions passing through the two slits (and thus pass¬ 
ing into the large evacuated region in which the magnetic 
field is present) do not initially follow a single direction, but 
have many initial directions lying within a small angle, 
whose size depends on the width of the slits. However, since 
all the ions of the isotope in question follow curved paths 
of the same diameter, ions starting out in sUghtly different 
directions tend to meet again — or almost meet again — 
after completing a semicircle. At this position of re-conver¬ 
gence the collector is placed. The ions of another isotope 
(for example, ions of mass 238 iastead of 235) behave simi¬ 
larly, except that they follow circles of slightly different 
diameter. Samples of the two Isotopes are caught in collec¬ 
tors at the two different positions of re-convergence. Now 
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the utilization of a greater fraction of the ions originally 
produced may be accomplished by widening the two slits 
referred to. But to widen the shts to any great extent with¬ 
out, sacrificing sharpness of focus at the re-convergence posi¬ 
tions is not easy. (Correct widening of shts can be accom¬ 
plished only by use; of carefully proportioned space-variations 
in 1,hc magnetic field strength. Such variations were worked 
out successfully. 

Although the scale of separation of uranium isotopes 
reached by March 1942 was much greater than anything 
that had prc\'iously been done with an electromagnetic mass 
.separator, it. w'as still very far from that rofjuired to produce 
amounts of material that would be of military significance. 
The problems that ha\e bc(ui outlined not only had to be 
soh’ed, but they had to be solved on a grand scale. The 
37-in. cyclotron magnet that had been used was still capable 
of providing useful information, but larger equipment was 
desirabki. Fortunately a A’cry much larger magnet, intended 
for a giant cyclotron, had been under construction at Berke¬ 
ley. This magnet, with a pole diameter of 184 in. and a 
pole gap of 72 in., was to be the large.st in existence. Work 
on it had been interrupted because of the war, but it was 
ahx'ady sufficiently advanced so that it could be finished 
within a few months if adequate priorities were granted. 
Aside from the magnet itself, the associated building, labo¬ 
ratories, shops, and so on were almost ideal for the develop¬ 
ment of the calutron. Work was resumed on the giant 
magnet, and by the end of May 1942, it was ready for 
u.se. 

Besides the gradual increase in ion beam strength and 
separation factor that resulted from a series of developments 
in the ion source and in the accelerating system, the hoped- 
for improvement in utilization of ions was achieved during 
the summer of 1942 with the use of the giant magnet. Fur¬ 
ther, it was possible to maintain more than one ion beam 
in the same magnetic separating region. Experiments on 
this latter problem did run into some difficulties, however, 
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and it appeared that there might be limitations on the 
number of sources and recteivers that could be put in a single 
unit, as well as on the current that could be used in ea(^h 
beam without spoiling the separation. 

Construction of the first series of electroriiagnetic units at 
Clinton began in March of 1943, and this part of the plant 
was ready for operation in No\emlK!r 1943. The group at 
Berkeley continued to improve the ion sources, the receivers, 
and the auxiliary equipment,, aiming always at greater ion 
currents. Berktdey reports describe no less than scn enty-one 
different tj^pes of source and one hundred and fifteen differ¬ 
ent types of receiver, all of which reached the dc^sign stage 
and most of which were constructed and tested. As soon as 
the value of a given design change was proved, ev'cry effort, 
was made to incorporate it in the designs of new units. 

Although research work on the calutron was started later 
than on the centrifuge and diffusion systems, the calutron 
plant was the first to produce large amounts of the sepa¬ 
rated isotopes of uranium. 

Summary of the Work on the Atomic Bomb 

In the spring of 1943, a new laboratory was established 
at Los Alamos, New Mexico, under J. R. Opjenheimer, to 
investigate the design and to construct the atomic bomb. 
The work w’as to begin with the first stage, the receipt of 
U-235 or plutonium, and was to proceed to the stage, of 
actual U.SC of the bomb. The new lal)oratory improved the 
theoretical treatment of design and performance problems 
of the atomic bomb, refined and extended t he measurements 
of the nuclear constants involved, developed methods of 
purifying the materials to be u.sed, and, finally, designed 
and constructed operable atomic bombs. 

Over-Ail Status as of June 1945 

As the result of the labors of the Manhattan District 
organization in Washington and in Tennessee; of the scien¬ 
tific groups at Berkeley, Chicago, Columbia, Los Alamos, 
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and elsewhere; of the industrial groups at Clinton, Hanford, 
and many other places, the end of June 1945 found us 
expecting from day to day to hear of the explosion of the 
first atomic bomb ever devised by man. All the problems 
were believed to have been solved, at least well enough to 
make the bomb practicable. A sustained neutron chain reac¬ 
tion resulting fi'om nuclear fis.sion had been demonstrated; 
the conditions necessary to cause such a reaction to occur 
explosively hatl be<m establi.shcd and could be achieved; and 
production plants of .several different types were in operation, 
building up a stock pile of the explosive material. Even if 
the first use of the atomic l)omb had been relatively ineffective, 
there is little doubt that later efforts would have been highly 
destructive, since the devastation caused by a single bomb is 
comparable t o that of a major air raid by usual methods. 

A weapon has been developed that is potentially destruc¬ 
tive beyond the wildest flights of imagination — a weapon 
so ideally suited to sudden unannounced attack that a coun- 
t ry’s major cit ies might bo destroyed overnight by an osten¬ 
sibly friendly power. The atomic bomb has been created, 
not by the devilish inspiration of some warped genius, but 
by arduous labor of thousands of normal men and women 
working to secm'c the safety of their country and the defeat 
of the enemy. Many of the principles embodied in the 
atomic bomb were well known to the international scientific 
world in 1940. To develop the necessary industrial processes 
which would embody these principles in an atomic bomb has 
been costly in time, effort, and money, but the laboratory 
and manufacturing proce.s.ses upon which we selected to 
concentrate have worked, and several processes that we have 
not chosen could probably be made to work. We have an 
initial advantage in time over other countries because, so 
far as we know, other count ries have not been able to carry 
out parallel developments during t he war period. We also 
have a general advantage in scientific and particularly in 
industrial strength, but such an advantage can easily be 
thrown away. 
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Prognostication 

As to the future, one may guess that technical develop¬ 
ments will take place along two hues. From the military 
point of view, it is reasonably certain that there will be im¬ 
provements both in the processes of producing fissionable 
material and in its use. It is conceivable that totally differ¬ 
ent methods may be discovered for converting matter into 
energy, since it is to be remembered that the energy released 
in uranium fission corresponds to the utilization of only 
about one tenth of one pt^r cent of its mass. Should a 
scheme be devised for conv'erting to energy oven as much 
as a few per cent of the matter of some common material, 
civilization would have the means to commit, suicide at 
will. 

The possible uses of nuclear energy are not all dest ructive, 
and the second direction in which technical development 
(;an be expected is along the paths of peace. In the fall of 
1944 General Groves appointed a committee to look into 
these possibilities as well as those of military significance. 
This committee (Dr. R. C. Tolman, chairman; Rear Admiral 
E. W. MiUs [USN] with Captain T. A. Solberg [USNJ as 
deputy; Dr. W. K. Lewis; and Dr. H. D. Smyth) received 
a multitude of suggestions from men on the various projects, 
principally along the lines of the use of nuclear energy for 
power and the use of radioactive by-products for scientific, 
medical, and industrial purposes. While there was general 
agreement that a great industry might eventually arise, 
comparable, perhaps, with the electronics industry, there 
was disagreement as to how rapidly such an industry would 
grow; the consensus was that the growth would be slow over 
a period of many years. At least there is no immediate 
prospect of running cars with nuclear power or Ughting 
houses with radioactive lamps, although there is a good 
probabihty that nuclear power for special purposes could be 
developed within ten years and that plentiful supplies of 
radioactive materials can have a profound effect on scien- 
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tific research and perhaps on the treatment of certain dis¬ 
eases in a similar period. 

Planning lor the Future 

During the war the effort was to achieve the maximum 
military results. It was apparent for some time that some 
sort, of government cont rol and support in the field of nuclear 
energy should continiu^ after the war. Many men associated 
with the project recognized this fact and came forward with 
various proposals, some of which w'cre tionsidered by the 
Tolrnan CVimmittee, although it was only a temporary ad¬ 
visory committee reporting to General Groves. An interim 
committee at a high level was created later and was soon 
engaged in formulating plans for a continuing organization. 
This committees also discu.ssed matters of general policy 
about which many of the more thoughtful men on the proj¬ 
ect had been deeply concerned since the work was begun and 
e.spiicially since success Ixicame more and more probable. 

The Question Before the People 

We find our.seh'os with an explosive wliich is far from 
being completely perfected. Yet the future possibilities of 
such explo.sives are appalling, and their effects on future 
wars and international affairs are of fundamental impor¬ 
tance. Here is a new tool for mankind, a tool of unimagi¬ 
nable destructive power. Its development, raises many ques¬ 
tions that must be answered in the near future. 

Such questions have been .seriously considered by aU con¬ 
cerned and vigorously debated among the scientists, and the 
conclusions reached have been pas-sed along to the highest 
authorities. The.se questions are not technical questions; 
they are political and social questions, and the answers 
given to them may affect all mankind for generations. In 
thinking about them the men on the project have been 
thinking as citizens of the United States vitally interested 
in the welfare of the human race. It has been their duty 
and that of the responsible high government officials who 
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were informed to look beyond the limits of the present war 
and its weapons to the ultimate implications of these dis¬ 
coveries. This was a heavy rcsj)onsibihty. In a free country 
like ours, such questions should bo del)a(ed by the people 
and decisions must be made by the people through their 
representatives. 



Chapter II 

Plutonium Production 

Problems as of February 1943 
Choice of Plant Site 

Once the scale of production had been agreed upon and 
the responsibilities assigned, the nature of the plant and its 
whereabouts had to lx; decided. The site in the Tennessee 
Valley, known officially as the Clinton Engineer Works, had 
Ixien acciuired by the Army for the whole program as recom¬ 
mended in the report to President Roosevelt. 

Reconsideration at the end of 1942 led General Groves to 
the conclusion that this site was not sufficiently isolated for 
a large-scale plutonium prodindion plant. At that time, it 
was conceivable that (conditions might, arise under which a 
large pile might spread radioactive material over a large 
enough area to endanger neighboring centers of population. 
In addition to the requirement of isolation, there remained 
the requirement of a large power supply, which had origi¬ 
nally determined the choice of the Tennessee site. 

Since the Columbia River is the finest supply of pure cold 
river water in this country, the Hanford site was well suited 
to either the helium-cooled plant originally planned or to the 
water-cooled plant actually erected. The great distances 
separating the home office of du Pont in Wilmington, Dela¬ 
ware; the pilot plant at Clinton, Tennessee; the Metallur¬ 
gical Laboratory at Chicago; and the Hanford site were 
extremely inconvenient, but this separation could not be 
avoided. Difficulties also were inherent in bringing work¬ 
men to the site and in providing living accommodations for 
them. 
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Specification of the Over-Ail Problem 

We now wish to give precise definition to the problem of 
the design of a large-scale plant for the production of plu¬ 
tonium. The objective had already been delimited by deci¬ 
sions as to scale of production, tyfMJ of plant, and site. As 
it then stood, the specific problem was to design a water- 
cooled graphite-moderated pile (or several such piles) with 
associated chemical-separation plant to produce a specified, 
relatively large amount of plutonium each day, the plant to 
l>e built at the Hanford site beside the Columbia River. 
Speed of construction and efficiency of operation were prime 
considerations. 

Nature of the Lattice 

The lattices we have been describing heretofore consisted 
of lumps of uranium iml)edded in the graphite mod('rator. 
There arc two objections to such a type of lattice for pro¬ 
duction purposes: first, it is difficult to nunove the uranium 
without di.sasseml)ling the pile; second, it is difficult to con¬ 
centrate the coolant at the uranium lumps, which are the; 
points of maximum production of heat. Both these difficail- 
ties could be avoided if a rcxl lattice rather than a point, 
lattice could be used — that is, if the uranium could be con¬ 
centrated along lines passing through the moderator instead 
of teing situated merely at points. The rod arrangememt 
would be excellent structurally and mechanically, but there 
was real doubt as to whether it was possible to build succh a 
lattice which would still have a multiplication factor K 
greater than unity. Both the theoretical and the experi¬ 
mental physicists tackled this problem. The theoretical 
physicists had to determine by computation what was the 
optimum spacing and diameter of uranium rods; the experi¬ 
mental physicists had to perform exponential experiments on 
lattices of this type in order to check the findings of the 
theoretical group. 
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Loading and Unloading 

Once the idf'a of a lattice with (cylindrical symmetry was 
accepted, it became evident that the pile could be unloaded 
and re-loaded without disassembly, since the uranium could 
be pushed out of the cylindrical channels in the graphite 
moderator, and new uranium ijis(crted. The decision had to 
be made as to whedher the uranium should be in the form 
of long rods, which had advantages from the nuclear-physics 
point of view, or of lelativcly short cylindrical pieces, which 
had adv'ant ag<'s from the point, of view of handling. In either 
case, the materials would be so v’cry highly radioactive that 
unloading would have to be carried out by remote control, 
and the unload(Ml uranium would have to be handled by 
remote cent rol from behind shielding. 

Possible Materials; Corrosion 

If water was to be used as coolant, it would have to be 
convey('d to the regions where heat was generated through 
channi'ls of som<‘ sort. Since gi’aphite pipes were not prac¬ 
tical, the choice- of material, like the choice; of all the mate¬ 
rials to be used in the pile, was limit(!d bj^ nuclear-physics 
considerations. The pipes must be made of some material 
whose alisorption cross section for neutrons was not large 
enough to bring the value of K below unity; which would 
not. disintegrate under the heavy density of neutron and 
gamma radiation present in the pile; and which would meet 
all ordinary recpiircments of cooling-system pipes : the pipes 
must not leak, must not (;orrode, and must, not warp. 

From the nuclear-physics point of view, there were seven 
possible materials (Pb, Bi, Be, Al, Mg, Zn, Sn), none of 
which had high neut ron-absorption cross sections. No l^eryl- 
Uum tubing was available, and of all the other metals, only 
aluminum was thought to be po.ssible from a corrosion- 
resisting point of view. But it was by no means certain 
that aluminum would be satisfactory, and doubts about the 
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corrosion of the aluminum pipe were not settled until the 
plant had actually operated for some time. 

WTiile the choice of material for the piping was very diffi¬ 
cult, similar choices — involving both nuclear-physics cri¬ 
teria and radiation-resistance criteria — had to be made for 
all other materials that were to be used in the pile. For 
example, the electric, insulating materials to be used in any 
instruments buried in the pile must not disintegrate under 
the radiation. In certain instances, where control or experi¬ 
mental probes had to be inserted and removed from the 
pile, the likelihood had to be borne in mind that the probes 
would become intensely radioactive as a result of their expo¬ 
sure in the pile and that the degree to which this would 
occur would depend on the material used. 

Finally, it was not known what effect the radiation fields 
in the pile would have on the graphite and the uranium. 
Later it was found that the electric resistance, the elasticity, 
and the heat conductivity of the graphite all change with 
exposure to intense neutron radiation. 


Protection of the Uranium from Corrosion 

The most efficient cooling procedure would have been to 
have the water flowing in direct contact with the uranium 
in which the heat was being produced. Indications were 
that this was probably out of the question because the ura¬ 
nium would react chemically with the water, at least to a 
sufficient extent to put a dangerous amount of radioactive 
material into solution and probably to the point of disinte¬ 
grating the uranium slugs. Therefore it was necessary to 
find some method of protecting the uranium from direct 
contact with the water. Two possibilities were considered: 
one was some sort of coating, either by electroplating or 
dipping; the other was sealing the uranium slug in a protec¬ 
tive jacket or “can.” Strangely enough, this “canning prob¬ 
lem” has turned out to be one of the most difficult problems 
encountered in such piles. 
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Water Supply 

The problem of dissipating thousands of kilowatts of en¬ 
ergy is by no means a small one. How much water was 
needed depended on the maximum temperature to which 
the water could safely be heated and on the maximum tem¬ 
perature to be expected in the intake from the Columbia 
River; certainly the water supply requirement was compa¬ 
rable to that of a fair-sized city. Pumping stations, filtration, 
and treatment plants all had to be provided. Furthermore, 
the system had to be a reliable one; it was necessary to pro¬ 
vide fast-operating controls to shut down the chain-reacting 
unit in a hurry in case of failure of the water supply. If it 
was decided to use "once-through” cooling instead of recir¬ 
culation, a retention basin would be required so that the 
radioactivity induced in the water might die down Ijefore 
the water was returned to the river. The volume of water 
chscharged was expected to lx; so great that such problems 
of radioacti\ity were important, and therefore the minimum 
time that the water must be held for absolute safety had to 
be determined. 

Controls and Instrumentation 

The control problem was similar to that discussed in con¬ 
nection with the first chain-reacting pile, except that every¬ 
thing was on a larger scale and was, therefore, potentially 
more dangerous. It was necessary to provide operating con¬ 
trols which would automatically keep the pile operating at 
a determined power level. Such controls had to be (connected 
with instruments in the pile which would measure neutron 
density or some other property which indicated the power 
level. There would also have to be emergency controls 
which would operate almost instantaneously if the power 
level showed signs of rapid increase or if there was any in¬ 
terruption of the water supply. It was highly desirable that 
there be some means of detecting incipient difficulties such as 
the plugging of a single water tube or a break in the coating 
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of one of the uranium slugs. All these controls and inslru- 
menls had to be operated from behind the thick shielding 
walls described below. 

Shielding 

The radiation given off from a pile operating at a high 
power lev'el is so strong as to preclude positioning opc'rating 
personnel near the pile. Fur(hermor<>, this radiation, par¬ 
ticularly the neutrons, has a pronounced capacity for leak¬ 
ing out through holes f)r cracks in barriers. The whole of a 
power pile therefore ha.s to be enclos('d in \'ejy thick walls 
of concrete, steel, or other absorbing material and at the 
same time permit loading and unloading of the pile through 
these shields and the carrying of the watia- supply in and 
out of them. The shields should be air-tight as well as 
radiation-tight, since air expo.sed to the radiation in the 
pile would become radioactive. 

Radiation dangers that require shiekling in th(‘ pile exist, 
through a large part of the separation plant . Sinc(' tlu^ fission 
products associated with the production of th(' plufonhun 
are highly radioactive, the uranium, after ejection from the 
pile, must be handled by remote control from behind shield¬ 
ing and must lx.' shielded during transp(»rt ation t o t lx; sepa¬ 
ration plant. All the stages of the separation plant, including 
analyses, must be handled by remote control from behind 
shields up to the point where the plutonium is relatively 
free of radioactive fission products. 

Maintenance 

There could be no maintenance inside the shield or pile 
once the pile had operated. As to the separation unit, it was 
probable that a shut-down for servicing could be effected, 
provided, of course, that adequate remotely controlled decon¬ 
tamination processes were carried out in order to reduce the 
radiation intensity below the level dangerous to personnel. 
The maintenance problem for auxiliary parts of the plant 
was normal except for the extreme importance of having 
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stand-by pumping and power equipment to prevent a sud¬ 
den accidental breakdown of the cooling system. 

Schedule of Loading and Unloading 

The amount of plutonium in an undisturbed operating 
pile increases with time of operation. Since Pu-239 itself 
undergoes fission, its formation tends to maintain the chain 
reaction. On the other hand, the gradual disappearance of 
the U-23.5 and the appearance of fission products with large 
neutron-absorption cross sections tend to stop the reaction. 
The determination of when a producing pile should be shut 
down and the plutonium extracted involves a nice balancing 
of these factors against time schedules, material costs, sepa¬ 
ration-process efficiency, and so on. Strictly speaking, this 
problem is one of operation rather than of design of the 
plant, but some thought had to be given to it in order to 
plan the flow of uranium slugs t o the pile and from the pile 
to the .si'paration plant. 

Size of Units 

Production capacity of the plant has been spoken of only 
in terms of o\’cr-all production rate. Naturally, a given rate 
of production might be acliieved in a single large pile or in 
a numlx'r of smaller ones. The principal advantage of the 
smaller piles would be the relatively shorter time required 
to construct the first pile, the possilDility of making altera¬ 
tions in lat er piles, and, what< is perhaps most important, the 
improbability of a simult aneous breakdown! of all piles. The 
disadvantage of small piles is that they require dispropor¬ 
tionately large amounts of uranium, moderator, and so on. 
There is, in fact, a preferred “natural size” of pile which 
can be roughly determined on theoretiiial grounds 

General Nature of the Separation Plant 

The slugs coming from the pile are highly radioactive and 
therefore must be processed by remote control in shielded 
compartments. The general scheme to be followed in proc- 
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essing was suggested in the latter part of 1942, particularly 
in connection with plans for the Clinton separation plant. 
A “canyon,” to consist of a series of compartments with 
heavy concrete walls arranged in a line and almost com¬ 
pletely buried in the ground was to be built. Each compart¬ 
ment would contain the necessary dissolving or precipitating 
tanks or centrifuges. The slugs would c^ome into the com¬ 
partment at one end of the canyon; they would then be 
dissolved and go through the various stages of solution: 
precipitation, oxidation, or reduction, being pumped from 
one compartment to the next until a solution of plulonium 
free from uranium and fission products came out in the Iasi, 
compartment. As in the case of the pile, all operations 
w'ould proceed by remote control from above ground, but 
these operations would be far more complicated than in the 
case of the pile. However, the general nature of the chemi¬ 
cal operations themselves was not far removed from the 
normal fields of activity of the chemists involved. 

Analytical Control 

In the first stages of the separation process, even the rou¬ 
tine analysis of samples, which was necessary in checking 
the operation of the various chemical processes, had to be 
done by remote control. Testing was facilitated, however, 
by use of radioactive as weD as by conventional chemical 
methods of analyses. 

Waste Disposal 

The raw material (uranium) is not dangerously radioac¬ 
tive. The desired product (plutonium) does not give off 
penetrating radiation, but when plutonium penetrates the 
body, its alpha-ray activity and chemical properties endan¬ 
ger health and life. However, really troublesome to dispose 
of are the fission products — that is, the major fragments 
into which uranium is split by fi.ssion. Fission products in¬ 
clude some thirty elements and are extremely active. Among 
these products are radioactive xenon and radioactive iodine, 
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which are released in considerable quantity when the slugs 
are dissolved and must be disposed of with special care. 
High stacks which will carry off these gases along with the 
acid fumes from the first dissolving unit must be built, and 
it must be established that the mixing of the radioactive 
gases with the atmosphere will not endanger the surround¬ 
ing territory. 

Most of the other fission products can be retained in solu- 
Ifon but must eventually be disposed of. Possible pollution 
of the adjacent river must be considered. 

Recovery of Uranium 

Even if the uranium were left in the pile until all the 
U-23.5 had undergone fission, there would still be a large 
amount of U-238 which had not been (converted to pluto¬ 
nium. Actually the process is stopped long before this stage 
is reached. Uranium is an expensive material and the total 
available supply is seriously limited. Therefore the possi¬ 
bility of recovering uranium after the plutonium is separated 
must be considered. Originally the plan was merely to store 
the solution, not to recover the uranium at an early date. 
Later, methods of large-scale recovery were developed. 

Corrosion in the Separation Plant 

The chemical processes involved possess the unusual fea¬ 
ture of occurring in the presence of a high density of radia¬ 
tion. Therefore the containers used may corrode more 
rapidly than they would under normal circumstances. Fur¬ 
thermore, any such corrosion will be serious because of the 
difficulty of access. For a long time, information was sadly 
lacking on how to meet these dangers. 

Effect of Radiation on Chemical Reactions 

Chemical reactions proposed for use in an extraction proc¬ 
ess were first tested in the laboratory. However, since such 
reactions could not be tested with appreciable amounts of 
plutonium or in the presence of radiation of anything like 
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the expected intensity, it was realized that an extraction 
process which worked to be successful in the laboratory 
might not work in the plant. 

Choice of Process 

The description of what was to happen in the sinrcessive 
chambers in the “canyon” of the separation plant was nec¬ 
essarily vague because even by January 1943 no decdsion 
had been made as to what process would be used for the 
extraction and purification of pluf onium. The major prob¬ 
lem before the Chemistry Di\'ision of Ihe Met allurgical Labo¬ 
ratory w'as the sekudion of the best process for the plant. 

Problems from January 1943 to June 1945 
Introduction 

The necessity for pushing the dc.sign and construction of 
the full-scale plutonium plant simultaneously with research 
and development inevitably led to a certain amount of con¬ 
fusion and inefficiency. The investigation of many alterna¬ 
tive proce.sses l-^came impt‘rati\'e, as was the need to probe 
for all possible cau.ses of failure even when the probability 
of their becoming serious was very small. Now that the 
Hanford plant is provlucing plutonium succe.ssfully, we can 
say that a large percentage of the results of invest igations 
made between the end of 1942 and the end of 1944 will 
never be used — at least not for the originally intended 
purposes. Nevertheless, had the Hanford plant run into 
difficulties, any one of the now-superfluous investigations 
might have furni.shed precisely the information required to 
convert failure into success. Even now we are unable to 
forecast what future improvements may not depend on the 
results of researches that seem unimportant today. 

It is estimated that thirty volumes will be required to 
contain a complete report of the significant scientific results 
of researches conducted under the auspices of the Metallur¬ 
gical Project. Work was done on every item mentioned on 
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the research program presented in the preceding chapter. 
Rather than present a brief account of the-se vast researches, 
which would be highly unsatisfactory, we shall instead presemt 
a general discussion of the chain-reacting units and separa¬ 
tion plants as they now operate, with some discussion of the 
earlier developments. 

The Chain Reaction in a Pile 

The operat ion of a pile depends on the passage of neutrons 
through matter, and on the nature of the collisions of neu¬ 
trons with the nuclei encountered. The collisions of princi¬ 
pal importance are the following: 

I. Collisions in which neutrons are scattered and lose 

apprecialile amounts of energy. 

(a) Inelastic collisions of fast neutrons with uranium 
nuclei. 

(b) Elastic collisions of fast or moderately fast neu¬ 
trons with the light nuclei of the mo<lerator mate¬ 
rial; these collisions serve to reduce the neutron 
energy to very low (so-called thermal) energies. 

II. Collisions in which the neutrons are absorbed. 

(a) Collisions wdiich result in fission of nuclei and 
give fission products and additional neutrons. 

(b) Collisions which re.sult in the formation of new 
nuclei which subsequently disintegrate radioac- 
tively (for example, 9 : 11 ®^®, which produces 94 PU®*®). 

Only the second class of colUsion requires further discus¬ 
sion. As regards collisions of type II (a), the most impor¬ 
tant in a pile are the collisions between neutrons and U-235, 
but the high-energy fission of U-238 and the thermal fission 
of Pu-239 also take place. Collisions of type II (b) are 
chiefly those between neutrons and U-238. Such collisions 
occur for neutrons of all energies, but they are most likely 
to occur for neutrons whose energies he in the “resonance” 
region located somewhat above thermal energies. The se- 
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quence of results of the type II (b) collision is represented 
as follows: 

+ on* —>- + gamma rays 

23 nun 

93Np23® —^ 94Pu“^® + + gamma rays 

2.3 da 

Any other non-fission absorption processes are important 
chiefly because they waste neutrons; they occur in the mod¬ 
erator, in U-235, in the coolant, in the impurities originally 
present, in the fission products, and even in plutonium itself. 

Since our purpose for starting the chain reaction is to 
generate plutonium, we should like to absorb all excess neu¬ 
trons into U-~238, leaving just enough neutrons to produce 
fission and thus to maintain the chain reaction. Actually, 
instead of producing fission in the 140-times rarer U-235, 
neutrons tend to be absorbed by the dominant isotope 
U-238. Hence, the principal designing problem was to 
maintain the chain reaction by favoring the fission (as by 
using a moderator, a suitable lattice, materials of high 
purity, and so on). 

The Clinton Plant 

By January 1943, the plans for a ''pilot” plant for pro¬ 
ducing plutonium were well along; construction was started 
on the Clinton site in Tennessee soon afterward. The plans 
were made cooperatively by du Pont and the Metallurgical 
Laboratory; construction was carried out by du Pont; plant 
operation was maintained by the University of Chicago as 
part of the Metallurgical Project. M. D. Whitaker was 
appointed director of the Clinton Laboratories. 

The main purposes of the Clinton plant were to produce 
some plutonium and to serve as a pilot plant for chemical 
separation. As regards research, the emphasis at Clinton 
was on chemistry and the biological effects of radiation. A 
large laboratory was provided for chemical analysis, research 
on purification methods, fission-product studies, development 
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Figure 6. Part of the Production Area at the Clinton Engineer Works at Oak Ridge, Tennessee. 
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of int ermediate-scale extraction, decontamination processes, 
and so on. Later a ‘Miot laboratory — that is, a laboratory 
for ixanotcly controlled work on highly radioactive material, 
was j)rovided. The plant also has an instrument shop and 
laboratory that has been used very actively; facilities for 
both chnical and experimental work of the health division, 
which has been very active; and a small physics laboratory 
in which some important work was done by using higher 
neutron intensities than were available at the Argonne Lab¬ 
oratory. The principal installations constructed at the Clin¬ 
ton Laboratory site were the pile and the separation plant; 
these are briefly described below. 

The Clinton Pile 

In any sbiadily operating pile, the eflfective multiplication 
fa(‘tor K must be kept at unity, whatever the power level. 
The best K that had been observed in a uranium-graphite 
lattice could not be acliieved in a praidical pile because of 
neutron leakage, cooling s^^stem, cylindrical channels for the 
uranium, protective coating on the uranium, and other minor 
factors. Granted air-(*ooling and a maximum safe tempera¬ 
ture for the surface of the uranium, a size of pile had to be 
chosen that could produce 1000 kw. The effective K would 
go down with rising temperature, but not sufficiezitly to be 
a determining factor. Though a sphere was the ideal shape, 
practical considerations recommended a rectangular block. 

The Clinton pile consists of a cube of graphite containing 
horizontal channels filled with uranium. The uranium is in 
the form of metal cylinders protected by gas-tight casings of 
aluminum. The uranium cylinders or slugs may be slid into 
the channels in the graphite; space is left to permit cooling 
air to flow past, and to permit pushing the slugs out at the 
back of the pile when they are ready for processing. Besides 
the channels for slugs there are various other holes through 
the pile for control rods, instruments, and so on. 

The Clinton pile was considerably larger than the first 
pile at Chicago. More important than the increased size of 
the Clinton pile were its cooling system, heavier shields, and 
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means for changing the slugs. The production goal of the 
Clinton plant was set at a figure which meant that the pile 
should operate at a power level of 1000 kw. 

The instrumentation and controls are identical in prin¬ 
ciple to those of the first pile. Neutron intensity in the pile 
is measured by a BFa ionization chamber and is controlled 
by boron steel rods that can be moved in and out of the 
pile, thereby varying the fraction of neutrons available to 
produce fission. 

In spite of the impressive array of instruments and safety 
devices, the most striking feature of the pile is simplicity of 
operation. Most of the time, operators do nothing but record 
readings of instruments. 

The Separation Plant 

Here, as at Hanford, the plutonium processes have to be 
carried out by remote control and behind thi(;k shields. The 
separation equipment is hou.sed in a series of adjacent cells 
ha\'ing heavy concrete walls. These cells form a continuous 
structure (canyon) w'hich is about 100 ft long and is two 
thirds buried in the ground. Adjacent to this canyon are 
the control rooms, analytical laboratories, and a laboratory 
for further purification of the plutonium after it has been 
decontaminated to the point of comparative safety. 

Uranium slugs that have been exposed in the pile are 
transferred under water to the first of these cells and are 
then dissolved. Subsequent operations are performed by 
pumping solutions or slurries from one tank or centrifuge to 
another. 

Performance of Clinton Pile 

The Clinton pile started operating on November 4, 1943, 
and within a few days was brought up to a power level of 
500 kw at a maximum slug surface temperature of 110° C. 
Improvements in the air circulation and an elevation of the 
maximum uranium surface temperature to 150° C brought 
the power level up to about 800 kw, where it was maintained 
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until the spring of 1944. Starting at that time, a change was 
made in order to level out the power distribution in the pile. 
This was accomplished by reducing the amount of metal 
near the center relative to that farther out, and thereby 
increasing the av^erage power level without anywhere af fain- 
ing too high a temperature. At the same time, improveimaits 
were realized in the scaling of the slug jackets, making it 
possible to operate the pik; at high('r temp('ra(urc. As a 
result, a power level of 1800 kw was attained in May 1944; 
this was further increased after the installation of better 
fans in June 1944. 

Thus, the pile performance of June 1944 considerably ex¬ 
ceeded expectations. In ease of control, slefuliness of opera¬ 
tion, and al.)sence of dangerous ratliation, the i)ile has been 
most satisfactory. There have l)e<;n very few' failures attrib¬ 
utable to mistakes in design or construction. 

The plutonium-separation plant posed greater problems 
than the pile. The step from the first chain-reacting pile to 
the Chnton pile was reasonably predictable, but a much 
greater and more uncertain step was required in the case of 
the separation process, for the Clinton separation plant was 
designed on the basis of experiments using only microgram 
amounts of plutonium. 

Neverthele.ss, the separation process worked! The first 
batch of slugs from the pile entered the separation plant on 
December 20, 1943. By the end of January 1944, metal 
from the pile was going to the separation plant at the rate 
of 14 fori per day. By February 1, 1944, 190 mg of pluto¬ 
nium had lieen delivered, and by March 1, 1944, se\eral 
grams had been delivered. Furthermore, the efficiency of 
recovery at the very start was about 50 per cent, and by 
June 1944, it w'as between 80 and 90 per cent. 

During the whole period there was a large group of chem¬ 
ists at Clinton working on improving t he .separation process 
and developing it for Hanford. The Hanford problem dif¬ 
fered from that at Clinton in that much higher concentra¬ 
tions of plutonium were expected. Furthermore, though the 
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chemists were to be congratulated on the success of the 
Clinton plant, the separation process was complicated and 
expensive. Any improv'^ements in yield or decontamination 
or in general simplification were much to be sought after. 

In addition to proving the pile and the separation plant 
and producing several grams of plutonium for experimental 
use at Chicago, Clinton, and elsewhere, the Clinton Labora¬ 
tories have ser\'ed as a training and testing center for Han¬ 
ford, for medical experiments, pile studies, purification stud¬ 
ies, and physical and (Lemical studies of plutonium and 
fission products. 

The Hanford Plant 

It is beyond the scope of this report to give an account 
of the construction of the Hanford Engineer Works, but it 
is to be hoped that the full story of this extraordinary enter¬ 
prise and the companion one, the Clinton Engineer Works, 
will be published in the future. Hanford site was examined 
by representatiA^es of General Groves and of du Pont at the 
end of 1942, and use of the site was approved by General 
Groves after a personal inspection. The site was on the 
west side of the Columbia River, in central Washington, 
north of Pasco. In the early months of 1943, a two hundred 
square mile tract in this region was acquired by the govern¬ 
ment (by lease or purchase) through the Real Estate Divi¬ 
sion of the Office of the Chief of Engineers. Eventually, an 
area of nearly a thousand square miles was brought under 
government control. At the time of acquisition, a few farms 
and two small villages, Hanford and Richland, were within 
the chosen area, which otherwise contained sage-brush plains 
and barren hills. On April 6, 1943, ground was broken for 
the Hanford construction camp. At the peak of activity in 
1944, this camp was a city of 60,000 inhabitants, the fourth 
largest city in the state. Now, however, the camp is practi¬ 
cally deserted, since the operating crew is housed at Richland. 

Work was begun on the first of the Hanford production 
piles on June 7, 1943, and operation of the first pile began 
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in September 1944. The site was originally laid out for 
five piles, but the construction of only three has been under¬ 
taken. In addition to the piles, there are plutonium-separa¬ 
tion plants, pumping stations, water-treatment plants, and 
a low-power chain-reacting pile for material testing. Not 
only are the piles themselves widely spaced for safety — 
several miles apart — but the separation plants are well 
away from the piles and from each other. All three piles 
were in operation by the summer of 1945. 

Canning and Corrosion 

No one who liv-ed t hrough the period when the design and 
(;onstruction of the Hanford plant was carried through is 
likely to forget the “canning” problem — that is, the prol)- 
lem of sealing the uranium slugs in protective metal jackets. 
On periodic visits to Chicago, the writ(^r was able roughly 
to deduce the success achieved in the solut ion of the canning 
problem by the atmosphere of gloom or joy to be found in 
and about the laboratory. Extremely difficult, was the sear(ffi 
after a sheath that would protect uranium from water cor¬ 
rosion, keep fission product s out of t he water, transmit heat 
from the uranium to the water, and that would not absorb 
too many neutrons. Yet the failure of a single can might 
conceivably require shut-down of an ent ire operating pile. 

Attempts to meet the stringent; requirements demanded 
experimental work on electroplating processes, hot-dipping 
processes, cementation-coating processes, corrosion-resistant 
alloys of uranium, and mechanical jacket ing or canning pro(;- 
esses. Mechanical jackets or cans of thin aluminum were 
feasible from the nuclear point of view and were chosen at 
an early date as the most likely solution of the problem. 
However, getting a uniform, heat-conducting bond between 
the uranium and the surrounding aluminum, and effecting 
a gas-tight closure for the can both proved very trouble¬ 
some. Development of alternative methods had to be car¬ 
ried along up to the last minute, and even up to a few weeks 
before it was time to load the uranium slugs into the pile, 
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no one was certain that any of the processes under develop¬ 
ment would be satisfactory. A final minor, but apparently 
important, modification in the preferred canning process was 
adopted in Octoter 1944, after the first, pile had liegun 
experimental operation. By the summer of 1945, no (ian 
failure had been reported. 

Status as of June 1945 

In the fall of 1944 and the early months of 1945, vhe sec¬ 
ond and third Hanford piles were finished and put into 
operation, as were the additional chemical separation plants. 
There were difficult kis, but failures of canning, film forma¬ 
tion in the water tubes, or radiation effects in the (diemical 
processes did not occur in the final designs. As of early 
summer 1945, the piles w('rc operating at designed power, 
producing plutonium and heating the* Columbia Riv'er. The 
chemical plants were separating the plutonium from the ura¬ 
nium and from the fission products with better efficiency 
than had been anticipated. The finished product was being 
delivered. 

The Work on Heavy Water 

Heavy water is more effective than graphite in slowing 
down neutrons and it has a smaller neutron absorption than 
graphite. A chain-reacting unit with uranium and heavy 
water therefore can be built; a considerably higher multi¬ 
plication factor, K, can be attained; and a smaller size unit 
than is possible with graphite can be achieved. But one 
must have heavy water. 

The production schedule of heavy water was so low that 
it would take two years to produce enough to “moderate” 
a fair-sized pile for plutonium production. An intensive 
study of the problem was made during the summer of 1943, 
but in November it was decided to curtail the program and 
construction was limited to a 250-kw pile located at the 
Argonne site. 




Part IV 

Possible Methods of Converting Atomic 
Energy into Mechanical Power 

By R, Tom Sawyer 




Chapter I 

Power from the Uranium Pile 

HAVE seen how plutonium is manufactured in a 
^ * “pile” of uranium and carbon. Ehe atomic energy 
in lh(' pile produces heat., and the heat can he converted into 
mechanical power. In this chapter, we shall illustrate soin<^ 
of the ways in which this heat may be utilized in existing 
machines, and the possibilities of bringing nearer the day of 
plentiful power for ix;ac('fnl purpos<‘s. 

The uranium i)ile consists of appropriately spaced rods 
of uranium unbedded in graphite cai'bon. Neutrons from 
the uranium in one rod bomljard the ui'anium of another 
rod, while th(', graphite maint ains th(' speed of Ijombardment. 
at an (effective value. The bombarded ui'aninm rod is then 
removed from the pile and chemically treated to .separate 
the plutonium which has been formed. 

Neutron bombardment produce's heat in the pile, and 
normally the heal, is removed by water cooling. This heat 
is our chief (‘oncern in the making of power and will be the 
chief topics of our discussion. Owing < o radioactive by-prod¬ 
ucts, ordinary ferrous materials cannot be used as pipes to 
convey water in the watei-cooling process. Aluminum pipes 
were, however, found suitable in the normal pile. 

The pile at Hanford contained normal uranium ore, con¬ 
sisting mostly of U-238. For every 140 lb of normal ura¬ 
nium 238, there is only 1 lb of uranium 23.5. At Hanford, 
a large quantity of cold water taken from the Columbia 
River was used to keep the pile cool. The heat rejected to 
the water was not used, because the prime objective was to 
produce plutonium quickly, regardless of economy, for mili- 
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tary purppses. Today, when we are no longer at war, we 
must critically review the cooling process from an economi¬ 
cal standpoint. To what useful purpose can we put the heat 
absorbed by the cooling water? 


Power Produced from Normal Pile 

Figure 1 shows cold water entering the pile and hot water 
coming out. The hot water may be used in several ways: 
its hot-water heat in radiators; for industrial dr 3 dng proc¬ 
esses, as well as other industrial or chemical processing; as 
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Figure 1. Hot Water Produced by Uranium Pile Piped Into Coal-Fired Boiler. 


feed water to a boiler; or the hot water may be put to all 
three uses. Pos.sibly, the water can actually be boiled under 
pressure, and the resulting steam u.sed directly in a steam 
turbine to produce power or for other uses normally requir¬ 
ing steam. 

Figure 2 shows another way of heating the boiler illus¬ 
trated in Figure 1. In this case, a suitable gas turbine gen¬ 
erator plant is employed, the waste heat from the gas turbine 
exhaust then being used in the boiler. A high-temperature 
gas turbine must be used with an initial temp>erature of at 
least 1500° F, so that the exhaust at about 1000° F can gen¬ 
erate steam, which forms at about 400 to 500° F at moderate 
pressures. 
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In a normal gas turbine plant, the air enters the com¬ 
pressor, where it is compressed to 50 to 100 lb per square 
inch. This air then enters the firebox, which in this case has 
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Figure 2. Hot Water Produced by Uranium Pile Piped into Boiler Heated by Gas 
Turbine Exhaust Gases. 


an oil burner in it. The theoretical combustion temperature 
is between 3000 and 4000° F, but this high temperature 
does not exist at the turbine inlet because sufficient excess 
air is used to hold the temperature down to the desired 
value, say 1500° F. After the air has done work in the tur- 
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bine, it has been expanded to only a few pounds above 
atmospheric pressure — enough to force it through the boiler. 
Its temperature has been reduced in passing through the 
turbine to about 1000° F. The turbine drives the (compressor, 
and excess power is converted to electrical energy by the 
generator. 

The uranium pile can be cooled by air as well as bj" water. 
For a diagram showing the air (‘ooling of a normal pile 
(.7 per cent of li-235), let us look at Figure 3. Aluminum 
tubes are used to cai-iy th(' air, and their arrang('ment is 
probably similar to the water-cooling pipes. In this (case the 
gas turbine would be an ideal machine for driving the air 
compn'ssor. A motor is ixaiuin'd for starting the unit, after 
which the motor becomes a generator and absorbs excess 
energy. 

In Figure 3, the cycle of operation is to bring cool air into 
the compressor and raise it to a pressure of about 50 lb. 
The air then goes through the cooling tulies and is heated 
se\’eral hundred degrees. This preheated air is then raised 
to its final temperature in the firebox by the use of an oil 
or gas buriK'r. 'Fhe heated air drives (he turbine, producing 
all of the compressor power, and finally is exhausted to the 
atmosphere. 

Thus a normal uranium atomic-energy pile can produce 
heat which can be utilized in an already existing type of 
power plant. 

Power Produced from Concentrated Uranium Pile 

The results obtained from a uranium pile containing ten 
times the concentration of U-235 (7 per cent of U-235) that 
is found in the normal pile look even more promi.sing for 
power production. In this case there are two purposes for 
having a highly concentrated pile: to prcxiuce plutonium 
and to produce heat for power purposes. As in the normal 
pile, the uranium rods must be removed periodically for the 
treatment involved in the separation of the plutonium. Nor¬ 
mally, it is not possible to obtain ore with a high concentra- 
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tion of U-235, and for this reason it would be necessary to 
manufactui'e U-235 by one of the four methods described in 
Chapter 1 of Part III; (1) gaseous diffusion by use of bar¬ 
riers, (2) electromagnetic, (3) thermal diffusion, and (4) cen¬ 
trifugal method with gasified U-235 and U-238. Part V 
states that the first method will be favored because it is the 
most economical. 

Having manufactured a sufficient quantity of U-235 and 
having added it to the normal uranium ore, we should obtain 
the effect of a highly concentrated ore. Water used in the 
cooling pipes in such a pile is not only heated but actually 
forms steam. 



Figure 4. Steam Turbine Generating Plant, Using Steam from Uranium Pile. 

Figure 4 shows a steam turbine generating plant. The 
cold water is pumped into the uranium pile and steam is 
produced at a sufficient temperature and pressure to drive 
the turbine generator. If a non-condensing turbine is em¬ 
ployed, the exhaust steam may be used for process or steam 
heating. We may, on the other hand, use a closed cycle 
condensing unit, the condensate being pumped back into 
the pile. Turbine plants operate more efficiently with a 
condenser, while the pile operates more efficiently with cold 
water, so that desire for economy will dictate the exact 
design in a given case. 

Instead of water, it is likely that other liquids may be 
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used as coolant and working fluid. In Figure 5, a mercury 
cycle is shown. In this arrangement, hquid mercury is heated 
by being pumjied into the pile, and leaves the pile as a vapor. 
After the vapor passes through a special mercury vapor 



turbine, the exhaust vapor is condensed in a condenser- 
boiler, which acts as both a mercury condenser and steam 
boiler. The mercury, in hquid form, is returned to the pile. 
The steam made in the condenser-boiler enters and drives a 
steam turbine, and then exhausts to its own condenser. The 
condensate is returned to the mercury condenser-boiler. Th(! 
latter acts as a steam generator because the temperature of 
the mercury vapor exhaust is hotter than the boiling water. 
A pile to operate in this manner may have a large percentage 
of U-235, and therefore the higher the temperature of the 
carbon or other medium, the less effective the U-235 becomes. 
This phenomenon is of vital importance, because it causes 
the uranium pile to be inherently stable, thermally, and also 
causes an equUibrium temperature to be reached. 
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Instead of using water or liquid cooling, we may air-cool 
the highly concentrated pile, as was done to the normal pile. 
Thus, in Figure 3, the oil burner in the firebox may only be 



Figure 6. Turbine Throttle Temperature Required for Zero Net Output. 

used in starting the unit, after which the air from the cool¬ 
ing pipes in the highly concent rated pile may lx; sufficiently 
hot to operate t he turbine. If the air coming out of the pipes 
were not hot enough, the temperature could be raised by 
adding a small quantity of fuel. 

Figures 6 and 7 are taken from Mr. J. Kenneth Salisbury’s 
paper presented before the Oil and Gas Power Division of 
the American Society of Mechanical Engineers at Tulsa, 
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May 8, 1944. Th(3 curves are explained in Mr. Salisbury\s 
paper as follows: 

Figure 6 illustrates the minimum turbine-inlet temperature at 
which useful output can be obtained, plotted against machine 
efFi(iiency. Modern turbine and compressor efficiencies are in the 
80 to 85 per cent range; hence useful output can be obtained with 
temperatures as low as about 600° F. 


r0« COM5T4KT FLOW FOWtW IS TO TtMF£Ft*TU»»t CHANCE 

( TMCOHETiCAl basis )$ 100% TURBINE AND COMPRESSOR EFFICiENCTN 
actual basis is 80% TURBINE AND COMPRESSOR EFFtCIENCT/ 



Figure 7. Comparative Outputs for Gas Turbine Power Plants. 


Fortunately the output of th(* gas-turbine power plant increases 
very rapidly as the turbine initial temj)erature is increased, or as 
the compressor inlet temperature is decreased. This fact is illus¬ 
trated in Figure 7, in which are shown progressively the effects of 
(1) decreasing the compressor-inlet temperature, and (2) increas¬ 
ing the turbine-inlet temperature. 

Figure 7 assumes, for convenience, that the flow and specific 
heat of the fluid have such values that the temperature change 
represents numerically the output in horsepower (the flow would 
be 10,600 lb j^er hour when using air). The temperatures chosen 
are arbitrary. The pressure ratio used is such that the adiabatic 
temperature ratio is exactly 2:1 — a pressure ratio of about 11:1 
when using air as the fluid. The outputs are shown on both a 
theoretical and an ''actuaF’ basis, the theoretical and actual bases 
being 100 per cent and 80 per cent machine efficiency, respectively. 
The circled figures indicate clearlv the ra])id decrease in the ratio 
of the gross to the net turbine power, as well <a,s in the machinery 
power t ) net' j):)W(a r;itio. It is to be noted also that the ratio of 
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actual to theoretical net power increases very rapidly as the tur¬ 
bine-inlet temperature is increased and the compressor-inlet tem¬ 
perature is decr(^ased. 


EXHAUST 



Figures. Combination Gas Turbine Unit and Uranium Heating Pile. 

The arrangement shown in Figure 8 is similar to that in 
Figure 3. An additional compressor is used for the purpose 
of blowing air into the pile in order to cool it, the air later 
being utilized for heating purposes within a factory, either 
as space heating or process heating, and drjdng. Figure 8 
does not show cooling pipes, but instead it shows simply the 





POWER FROM THE URANIUM PILE 127 

pile of uranium and carbon. The uranium and carbon may 
be so arranged that pipes are not necessary. Po.st:ibly, the 
uranium may be “canned” — that is, placed in air-tight 
aluminum containers. These containers of uranium, of 
course, could have integral fins to assist in cooling, t hereby 
permitting the blowing of air across them, withcnit the need 
for complex auxiliary cooling channels. 

In Figure 8 the firebox is .shown because here, as well as 
in Figure .3, the air temperature may not b(' sufficiently high, 
and additiontil heat may be required before the air enters 
the turbine. In addition, the firebox can take care of vari¬ 
able loads, allowing the pile to run at the temperature wliii^h 
best suits its characiteristics. 

Summary 

In summation, there are two types of piles: one with nor¬ 
mal ore, and one with concentrated ore — that is, normal 
ore with U-23.') added. The eight illustrations in this chap¬ 
ter show' various methods of producing power from the heat, 
produced in thts manufacture of plutonium. How- the radio¬ 
active by-prodiu^ts are to lie ttiken care of is not described 
in this chapter. We know that the pile is w'cll protected, as 
is the equipment for handling the uranium and carbon wdthin 
the pile. The radioactive by-products found in the cooling 
water or cooling air wall have to be eliminated in certain 
cases. How'ever, these radioactive by-product s may or may 
not lie sufficient to warrant the use of much additional 
equipment. Many obst ac;les have already been o^'ercome, and 
elimination or reduction of radioactive by-products should 
not be as difficult as some which have already been hurdled. 

Power plants, as illustrated in this chapter, would not 
necessarily be used by an industry which decided to produce 
its own power instead of buying from a public utility. Such 
an industry would have to be capable not only of operating 
the pile, but also of properly refining the plutonium. Large 
chemical industries of certain types would be in a favored 
position to operate the piles economically. 
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The Manhattan Project has in operation several huge 
plants built for the primary purpose of producing plutonium 
and uranium 235. The work done in portions of these plants 
can l)e combined with peacetime chemical industries for the 
purpose of producing economically from one plant a variety 
of chemicals, plutonium, uranium 235, and electric power. 
This same plant may also produce, by the use of atomic 
energy, various rare elements of value in industry or else¬ 
where. 



Chapter II 

Power Direct from Uranium or Plutonium 

A tomic energy, U-235, and plutonium are known to 
most people only through the highly destructive bomb 
used against Japan, but even explosive atomic energy might 
possibly be used to drive a reciprocating engint!. Gunpowder 
is an explosive; yet it was used to start gasoline engines 
years Ix'fore the electlic starter wfis developed. A shotgun 
shell, with the shot, nanoved, was placed in the head of 
the engine; and the explosion pu.shcd the piston to stai't 
th(' engine. 

Generation of Steam 

According to Atomic Pouter Magazine of August 7, 1945, 
published by McGraw-Hill, uranium 235 is self-governing 
when used to produce power. It was suggested that a block 
of uranium of a given size be placed in a container, the 
uranium being perforated so as to allow water to flow into it. 
The hydrogen atoms in the water have the effect of slowing 
up the neutrons thrown off from the uranium, enabling the 
neutrons to hit, and explode a uranium nucleus. The released 
energy causes a temperature rise in the water even to the 
boiling point. The temperature of the cooling medium, 
whether it be water, air, or some other fluid, depends on the 
activity of the uranium. 

If the liquid used for slowing down the neutrons is also 
used for cooling, the liquid may be converted' into vapor or 
steam to operate a turbine. We would then have an ideal 
arrangement, but not necessarily the most economical, 
because such an arrangement would only be possible with a 
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material rich in uranium 235 or its equivalent. For example, 
we obtain heat by burning coal because it is cheap. If coal 
were more expensive, many by-products would be taken 
out of it before it was burned. Since concentrated uranium 
is expensive, it may be broken down into many valuable 
sulistances rather than being used exclusively for power. In 
the process of breaking uranium down, energy will be released 
which may produce steam or hot gases for use in either a 
steam or gas turbine. 

In Figure 4, instead of having a pile of concentrated ura¬ 
nium ore, let us assume we have a perforated block of pure 
uranium 235. The action of uranium on the water would 
produce steam in sufficient quantity to operate a turbine or 
for other purposes. 

Li(iuids other than water may be used to better advan- 
tag(', as in Figure 5, where mercury is the liquid. Mercury 
can be a cooling medium, but what mercury would do if 
forced through perforations in one or more properly spaced 
blocks of uranium 235 is problematical. 

The Gas Turbine 

The first gas turbine patent was taken out by John Barber 
of England in 1791, only two years after the discovery of 
uranium by Martin H. Klaproth. Apparently Hero, the 
Greek, in the years before Cffirist, was aware of the principle 
implied in gas and steam turbines. Today the gas turbine is 
becoming commercially feasible and uranium has emerged 
from the laboratory; both have unusual potentialities for 
development, providing hitherto unplowed fertile fields for 
exploitation by the engineer. 

Figure 9 shows an elementary turbine wheel, either steam 
or gas. The cylinder may act as the combustion chamber 
or energy release element, if we are using some form of 
atomic energy. In either case, the energy appears as a high- 
velocity jet of steam or gas, spouting from the nozzle and 
impinging on the blading system to drive the wheel. 
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Figure 10 illustrates a normal open-(*ycle gas turbine 
power plant. A normal gas turbine plant designed for good 
fuel economy would have a heat ex(*hanger. In the case of 
an atomic-powered unit, the heat exchanger is more neces¬ 
sary than ever, owing to the high price of atomic fuel as we 



Figure 10, Schematic Arrangement of Open-Cycle Gas Turbine Plant Showing 
Location of Atomic-Powered Combustion Chamber If Used. 
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know it today. A large quantity of air (several hundred 
tons per hour) in the combustion chamber is obtained from 
the blowers which are driven by the turbine. Two blowers 
are used, with a water-cooled intercooler between them, an 
arrangement which appreciably decreases the power required 
to drive them. Consequently, the turbine net power is 
augmented, and the efficiency of the cycle is improved. 

A unit of this type could be used in marine, central station, 
or industrial service, but would not be applicable to locomo¬ 
tive service unless the intercooler were omitted, because 
there are no facilities available for carrying large quantities 
of cooling water on board. 

We have heretofore referred only to gas turbines of the 
open-cycle type. Figure 11 is given to show how the closed- 
cycle tjqie of gas turbine functions when using atomic en¬ 
ergy in the combustion chamber. 

The turbines in Figures 10 and 11 are similar. Pure air or 
preferably a non-radioactive gas like helium is used over 
and over again in Figure 11; hence the name, closed cycle. 
In a closed cycle a precooler is needed to (‘ool the compressor 
or gas. Thus a considerable amount, of cold water is 
required, which makes the (dosed system unsuitable for all 
types of vehicles. However, the turbine shown in Figure 11 
is ideal for developing high power in central station use. 
This is described in detail in the next chapter. 

The fuel in the combustion chambers of the turbines 
illustrated in Figures 10 and 11 may be uranium 235 or 
plutonium, in either solid or liquid state. Here there arc 
many problems yet to be solved. Even today, because of the 
ash residue which may literally eat away the blades, we 
cannot satisfactorily burn ordinary coal in a gas turbine 
plant. Research is in progress with a view to perfecting the 
burning of coal in gas turbines, and a solution may be found 
within the next year. One such development program is 
being sponsored by the Locomotive Development Committee 
of the Bituminous Coal Research Institute under the direc¬ 
tion of Dr. J. I. Yellott. 
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It is possible that when atomic energy is used in the com¬ 
bustion chamber of Figure 10, the blades may be literally 
eaten away due to radioactive by-products, a defect which 



Figure 11. Schematic Arrangement of the Closed-Cycle Gas Turbine Plant 
Showing Location of Atomic-Powered Combustion Chamber If Used. 


would be not likely to occur in the arrangement shown in 
Figure 11. Enormous obstacles to the safe handhng of radio¬ 
active by-products have been overcome, and these same 
precautions may be required wherever radioactive by¬ 
products are encountered by the production of atomic energy. 

It will be many years before a gas turbine will be used to 
drive the family automobile whether the fuel be oil or atomic 
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energy even if the passengers are protected from radio¬ 
activity by light-weight shielding. The normal rating for 
gas turbines is above 2000 hp when burning present fuels, 
but may some day exceed 200,000 hp in a single unit with 
atomic energy. The highest capacity of a single steam tur¬ 
bine unit today is 208,000 kw. In any case, it looks as though 
the horsepower range of the open-cycle gas turbine will be 
2000 to 20,000 hp; and outputs above 30,000 hp will be 
obtained with the closed cycle. 

A Possible Simplified Atomic-Powered Turbine 

J'igure 12 has l)een taken from a book published in 1908 
by C. J. E. Volckmann in Rostock, Germany, and written 
by Dr. Wegner-Dallwitz. It illustrates what probably is 

the simplest type of gas 
turbine ever devised for 
the purpose of turning 
a shaft. G is the fuel in¬ 
let , which admits manu- 
fa(^tured gas through 
a rotary valve into a 
small check valve shown 
as g, and then into the 
combustion chambers 
Xi or Ki. Here the gas 
mixes with air which 
comes in through a large 
c“heck valve, shown as 1. The sparJt plug Z is used for 
igniting this mixture. Force from the explosion goes out 
through the jet D, making the turbine turn in the direction 
of the arrow. The turbine shaft power can be used in a 
generator or otherwise. As the propulsion of this unit arises 
from the jet, it must rotate at a very high speed in order to 
be even moderately efficient, which makes necessary a 
reduction gear between the shaft and the driven element. 

It has been suggested that this type of turbine could be 
used with atomic power, making an extremely simple unit as 



Figure 12. Gas-Burning Gas Turbine of an 
Early Design. 
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shown in Figure 13. This unit has multiple combustion 
chambers, each combustion chamber containing atomic fuel. 
The shaft is hollow to admit a supply of air or fluid. After 
this air or fluid is forced through the atomic fuel by centrifu¬ 
gal force, it is ejected at the nozzles D, thus rotating the 
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CROSS SECTION"X-X“ 


W-WATER OR FLUID 
A ■ SHAFT 

P- PILE OF URANIUM AND CARBON 


S*STEAM CHAMBER 
D-NOZZLES 
B-BEARINGS 
C-COUPLING 


Figure 13. Modification of Design Shown in Figure 12 Making the Turbine 
Suitable for Using Atomic Energy. 


turbine. This turbine is simple (‘ompared to that of Fig¬ 
ure 12, and, since it has few parts, its maintenance cost 
should be unusually low. The fuel within the t urbine should 
last for a long period of time, possibly a year or more. 


The Atomic-Powered Rocket 

Another method of obtaining useful mechanical work 
from atomic energy is found in rocket propulsion. Figures 14 
and 15 show the relationship between a bomb and a rocket. 
The bomb (Figure 14) is sealed, and the internal gaseous 
pressure developed imposes equal forces on all areas. The 
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bomb, therefore, has no tendency to move, but blows apart 
in all directions, if the pressure is great enough. The rocket 
(Figure 15) is similar to the bomb, except that an orifice at 
the tail permits the high-velocity gases to escape gradually. 
The rocket walls are designed to withstand the internal 

pressure. While the in¬ 
ternal pressures against 
the sides are balanced, 
the force exert^ed 
against the head of the 
rocket is greater than 
that exerted against the 
rear because of the 
opening. The rocket 
is therefore propelled 
forward, as shown by 
the head of the arrow 
in the illustration. The 
tail feathers of the ar¬ 
row correspond to the 
issuing jet of gases. 

Other things being 
equal, the propulsive 
force acting on a rocket depends upon the nature of the ex¬ 
plosive used. TNT, for instance, is more powerful than the 
gunpowder used in rockets for fireworks. In rocket warfare, 
still more powerful explosives, liquid as well as solid, are used. 
The sohd explosives are primarily suitable for short-range 
work. The most common liquid explosive is a combination 
of liquid oxygen and gasoline or alcohol, employed in a long- 
range German V-2 rocket. 

The acceleration of the V-2 rocket was, at the start, equal 
to about 1 g (32 ft per second per second), and increased to 
5 ^ by the time the fuel was consumed. At this point the 
speed was approximately 1 mi per second, the maximum 
altitude was over 20 mi, and the time of flight was about 
1 min. 



Figure 14. Bomb. Figure 15. Rocket. 
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A rocket using atomic energy may be able to exceed a 
speed of 7 times the V-2, or 7 mi per second, which means 
that this rocket is capable of being shot up away from the 
earth never to return. 

For passenger use, acceleration should be limited to about 
4 g, or 129 ft per second per second, which is the acceleration 
attained by a high-speed elevator. The human body can 
withstand only a certain maximum acceleration, so that a 
passenger rocket would have to act like an elevator; it would 
not, however, stop at the 100th floor but would continue to 
accelerate at a uniform rate until the desired speed was 
reached. 

Building such a rocket is one way of converting atomic 
energy into mechanical power. When such a rocket is built 
to carry passengers, it will be possible to “shoot the moon”; 
some will even say, “Why stop at the moon; we can now 
shoot the universe!” 

A description of the many uses to which such a rocket can 
be put is beyond the scope of this book. Atomic power is 
the only power now known which will make it possible for 
people to leave the gravitational field of the earth. 

Possible Construction of Atomic-Powered Jet-Propulsion 
Units for Rockets or Planes 

Figures 16 and 17 illustrate two tjpes of gas turbine jet- 
propulsion units. Figure 16 is the ideal type of atomic- 
powered unit, similar in design to that now normally used 
in airplanes, and burning a high grade of fuel oil. The design 
includes two pipes leading into the combustion chamber, 
on the assumption that, when the material carried by these 
two pipes comes together in the combustion chamber, atomic 
energy is released. The air comes into the left side of the 
unit, is compressed in the compressor, and then enters the 
combustion chamber, from which it goes to the turbine and 
exhausts as a jet. The purpose of the turbine is to drive the 
compressor, which provides the air for the jet. So that 
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the excessive heat will not injure the turbine blades, a large 
amount of excess air is used to reduce the temperature in the 
combustion chamber. 



1- AIR INTAKE 

2- AIR COMPRESSOR ROTOR 5-PIPES FOR ADMITTING LIQUID TO 4 

3- CASING 6-GAS TURBINE 

4- COMBUSTION CHAMBER 7-EXHAUST OR JET 

Figure 16 . Possible Construction of Atomic-Powered Jet Turbine Unit. 


Figure 17 illustrates a combination rocket and gas turbine 
jet-propulsion unit. In this case the iictual jet, instead of 
passing through the turbine, g(K*.s directly to atmosphere. 
The gas turbine is used only to tlrive the compressor, which 
forces air around the combustion chamber to assist in cooling 
it. The cooling air is heated and then used to drive the tur¬ 
bine. The (amipressor also furnishes additional air, which is 
directed into the combustion chamber. When this air mixes 
with the fuel material, atomic energy release takes place, 
causing continuous explosive comlmstion. The air used in 
the combust ion chamber is also u.sed to reduce the tempera¬ 
ture. We are unable, at this time, to predict what material 
can be used in the construction of the rocket combustion 
chamber. The air surrounding the chamber does have a 
cooling effect, but actually some supplementary method of 
cooling may also be required. The present method of cooling 
a high-powered rocket is by circulating the liquid fuel itself 
around the jet opening. This method of cooling may possibly 
be used with the atomic-powered rocket. 

In Figure 16, no protection is given the turbine blades 
from radioactive by-products, while in Figure 17 the turbine 
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for Cooling. 

air obtains heat only by indirec^t transfer, not. from the air 
coming directly from the oullet of the combustion chamber. 
The outlet shown in Figure 17 forms the jet, which causes a 
tremendous pressure against the head of the unit, thus 
driving it forward. 
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The Diesel engine and the type of furnace placed under a 
boiler still contain many combustion problems. The chief 
problem of the turbines shown in Figures 16 and 17, or in 
Figures 10 and 11, is the proper control of atomic power so 
that its energy will be released smoot hly and regulated as 
desired. In Figure 16, two different materials are brought 
together on the assumption that their meeting will cause 
fission. The combustion problem in Figure 17 is approached 
from an entirely different viewpoint. In this case, only one 
material is used, say plutonium, which is placed in the fuel 
bin only after having been packaged or canned in bits about 
the size of marbles. Some type of injecting devic^e would be 
necessary to regulate the flow of tFese plutonium “marbles” 
and at the same time strip the casing from around each 
“marble.” All such thoughts on the subject of control of 
atomic energy, and there are many, can be grouped as 
“combustion problems.” 

Thus there are many ways of employing uranium 235 or 
plutonium usefully to produce power when we once learn 
the secret of how to control properly these two powerful 
atom-smashing elements. It may be years before we are in 
a position to control completely either these or other similar 
elements, but when the time comes, engineers will design 
new types of prime movers or adapt existing types to handle 
atomic power. 



Chapter III 

Construction of an Atomic-Powered 
35,000-Horsepower Gas Turbine Plant 

Abstracted from material submitted by Dr. Curt Keller, Director 
of Research and Development, Esclicr Wyss Engineering 
Works, Zurich, Switzerland 

rpHE CLOSED-CYCLE gas turbine power plant using 
helium or helium mixtures appears to be one of the best 
systems for genei’ating power by the use of the uranium pile. 
For this reason Dr. C. Keller, a world authority on closed- 
cyele systems, was asked to contrilmte the information 
embodied in this chapter. Helium is not affected by the 
radioactive rays produced by a uranium pile, and for that 
rea.son helium or a hehiim mixture with carbon dioxide is 
ideal for use in a gas turbine plant requiring a uranium 
heater. Helium does not absorb the neutrons, but slow.s 
them down, like graphite. 

If air is used, not only will the nitrogen in it pick xip some 
of the radioactive rays and particles, but the oxygen in air 
will tend to burn up graphite parts when the turbine operates 
with a uranium heater in the closed cycle at high tempera- 
txires and pressures. 

Dr. Curt Keller read an excellent paper before the annual 
meeting of the American Society of Mechanical Engineers 
in November 1945. This paper was sponsored by the Gas 
Turbine Coordinating Committee of the Oil and Gas Power 
Division of the Society. The paper described in detail the AK 
closed cycle and its equipment, but did not indicate wherein 
the closed cycle could be used with a uranium heater. This 
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chapter goes far beyond the scope of Dr. Keller’s paper in 
order to include the uranium heater, which requires a helium 
mixture in the system to operate with the best results. 

It is as.sumed that the 35,000-hp plant which Dr. Keller 
describes in lus paper could be built within the next few 
years, when ail necessary data have been collected. 

General Construction of Plant 

Unlike combustion gas turbines, httle has so far been 
reported about the gas turbine process employing a closed 
cycle. The first plant of this kind, an experimental installa¬ 
tion of 2000 kw useful output, was completed in Switzerland 
during the summer of 1939 just before the outbreak of 
World War II. The enforced seclusion of Switzerland 
during the following 6 years, and more especially the inter¬ 
ruption of communications with America, prevented scien¬ 
tists here an<l elsewhere from examining and discussing the 
new AK plant developed by the Escher Wyss Engineering 
Works in Zurich according to proposals made by Ackeret * 
and Keller. However, in spite of the many difficulties arising 
from the war, the experimental plant was tried out until 
normal industrial operation was reached, and all its com¬ 
ponents were fully investigated. In December 1944 Professor 
H. Quiby (the successor of Profcs.sor Stodola at the Swiss 
Federal Institute of Technology in Zurich) carried out 
exhaustive official performance trials on the new plant. A 
report on those trials was pubhshed in June 1945 in the 
Retme Polytechnique Suisse f and in Dr. Keller’s paper of 
November 1945, previously referred to. 

These official trials represent the termination of the first 
phase of internal scientific development, and the results 
obtained have justified in every respect both theoretical and 
practical expectations. Projects for power generation or 
ship propulsion embodying such closed-circuit plants, with 

♦ Professor of Aerodynamics and Flow Mechanics, Swiss Federal Institute 
of Technology, Zurich. 

f English translation in The Oil Engine^ London, November 1945. 




Figure 18. AK Closed-Cycle Test Plant of 2000 kw. The compressor is in 
the foreground with high-pressure turbine driving it. The low-pressure 
turbine is in the background driving the generator in the rear. The other 
two compressors located to the left are not shown. Part of the air heater is 
shown in the background. 
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air as the working medium, can now be realized without 
technical risks, on the basis of preliminary studies extending 
over a number of years. 

Since 1939 a number of original articles have been pub¬ 
lished regarding the theoretical and the physical basis of the 
AK process. These are now accessible to American engineers 
(several articles have already been printed in English). 
It suffices, therefore, to give a brief sununary of the chief 
characteristics of the new process as an introduction. Some 
information, but not all data, has been provided in the pre¬ 
liminary Escher Wyss report which was read by R. T. 
Sawyer and discussed by S. A. Tucker during the June 1945 
meeting of the American Society of Mechanical Engineers. 

In 1945 the Escher Wyss Works had been favored by a 
number of visits from American engineers, where informa¬ 
tion concerning the development work in connection with 
these AK plants was given them and the trial installation 
itself was explained. As a consequence, work in this field 
has become known among a wider circle of specialists. 

After about 10 years of intensive development and re¬ 
search, Escher Wyss believe they have realized a simple and 
highly efficient machine for stationary power plants. These 
results have not l)een brought about by inventors’ tricks 
but are the outcome of consistent and consequent applica¬ 
tion to turbo-machines of new knowledge from the fields of 
flow mechanics, a(?rodynamics, and metallurgy. 

The first trial plant (Figure 18) uses oil for fuel. It is 
primarily an experimental installation, all components being 
arranged wide apart so as to facilitate the use of diverse 
measuring equipment. The maximum pressure is about 350 
psi abs (output 2000 kw) direct expansion with a pressure 
ratio of 4. Wartime conditions, with the consequent impos¬ 
sibility of replacing damaged parts, made it imperative to 
exercise great care in carrying out the trials, and fortunately 
no particular difficulties were encountered. In the years 
intervening between the completion of the plant and Decem¬ 
ber 1944, when the official performance tests were carried 




Figure 19 . Compressor with Top Half Removed Showing Rotor Removed. 
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Figure 22. High-Pressure Turbine. 
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and compressors, while no temperatures exceeding 785° F 
need be adopted for the heat exchanger, thus permitting the 
use of ordinary steel tubing. 

In all gas turbine processes, a good heat exchanger is 
necessary for attaining good over-all efficiencies. With the 
closed cycle, the conditions are particularly favorable. The 
high density and purity of the air or other gas, on the high- 
pressure and low-pressure side, permit the use of oi'dinary 
steel tubes of small diameter. Compared to open-(*y(*le 
combustion turbines, the heat transmission (*oeffi(*ients are 
increased manifold (for example, 30 to 50 Btu per squfire 
foot F) and a heat exchanger efficiency of about 90 per 
cent is attained. 

Figure 21 shows the cross section of the* three compressors 
driven by the high-pressure turbine. Note that compressor I 
is the low pressure of the three; (‘ompressor II, the inter¬ 
mediate; and compressor III, the final high-pressui’e unit, 
(compressors I and II are on the same shaft ; this shaft is 
coupled to (‘ompressor III at one end and the high-pressure 
turbine unit at the other end. The compressor is of the 
Escher Wyss axial-flow type. 

Figure 22 is the cross section of the high-pressure turbine 
which drives the compressors shown in Figure 21. The ctoss 
section shows the 7 rows of rotating turbine blades bet ween 
the stationary blades. In Figure 23 the low-pressure t urbine 
has 10 rows of rotating blades bet ween the stationary blades. 
Particularly note that the hot gases go out of this turbine 
directly into the heat excihangcr located on the right, wit hout 
the use of piping. Figure 20 show^s the outside view of both 
the low-pressure turbine and heat exchanger; the precooler 
is on the other end of the heat exchanger. 

The following data, which are based on the present state 
of progress in the use of air, concern installations such as 
have been described for oil, coal, and gas firing: 

Efficiency, 34-37 per cent at full load, and 30-33 per cent 
at load, all auxiliaries included. 

Pressure, 850/85 psi. 

Temperature into turbine, 1200° F. 




Figure 23. Low-Pressure Turbine. 
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Weight, about 40-50 lb per kilowatt, of which only 16 
per cent is alloyed steel. 

Cooling water, 80 gal per second with 60° F inlet, 160° F 
exit temperature. 

Heat-exchanger surface, 1.5-3 sq ft per kilowatt. 

Turbine diameter: high pressure, 26 in.; low pressure, 
50 in. 

Compressor diameter, 16-33 in. 

These data are in accordan(;e with the information indi¬ 
cated on Figure 24, which illustrates the complete cycle. 

This system uses air within 
the closed cycle and all 
figures are on this basis. If 
a helimn mixture were used, 
t hese figures would be mod¬ 
ified. 

To trace the flow of air 
through the system, let us 
start at the air going into 
the low-pressure (iompres- 
sor C. It then comes out 
of this compressor and is 
cooled back to 80° F before 
entering the series of three 
high-pres.sure compressors. 
Inter-coohng between com¬ 
pressors is necessary and is 
shown. Coming out of the 
compressors, the air goes to 
the heat exchanger and then to the first heater. If helium or a 
helium mixture is used in the system, the heaters would be 
similar to those shown in Figure 27, which illustrates the ura¬ 
nium pile. After the air or helium mixture goes through this 
first heater, it passes through the fiirst, or high-pressure, 
turbine to the second heater, which gives about the same 
amount of heat to the working medium as the first. From 
the second, or low-pressure, turbine the air or helium mixture 



Figure 24. Diagram of Air Flow in 
Power Plant of Figure 23. T, turbine; 
C, compressor; G, generator. 
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goes to the heat exchanger and from there to the cooler, 
before entering the low-pressure compressor again. 

Helium 

If a helium mixture is used in this system, unusual efficien¬ 
cies may be expected, as shown in Figure 25, without having 
metals of unusual constructional material. This shows that 

___ M»t*uni‘Mi»tu»»ofH»aniiC0^iiw6 ^ 

Maximum hemparahir* isaoop 
Minimum famperaMi* 540 F 
Pressuro i^io ^-5 

pc 

Emaency of CamoNCycle 7)c - 7A% 

Efficjency oF Furbine - 96% 

EFTidency of compmssor t|co-92% 

Pressure drop C - 3% 

Efficjency of recuperaHon 
in heaf exchanger - 97 % 

Thermal efficiency of 
airheafer t)H-93% 

RadiaHon losses \o^ 

I AuxiKaries 1 , 5 % 

- 

0 / 100 98 96 94 92 90 7)t 

100 96 92 88 84 80 7J^ 

Thermal efficiency af coupling 
T| -57X 

Figure 25. Ideal Efficiency Values Using Helium Mixture in AK Power Plant. 

a thermal efficiency of over 50 per cent (based on calcula¬ 
tions by Professor Ackcret) may be expected, which is 
unusually high in any type of prime mover. The attainment 
of this degree of thermal efficiency will be possible only 
when good data for machines and apparatuses are available. 

Working media other than air can only be adopted in the 
case of a closed circuit having an external supply of heat. 
The employment of suitable light gases, such as helium, 
opens the possibility of substantially increasing the output 
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of the plant for the same dimensions, or of further raising 
its efficiency, as a consequence of the adaptability for special 
purposes of the particular physical characteristics of sueffi 
gases. 


Table I 

A COMPARISON OF VARIOUS CASKS FOR THE AK PROCESS 
(Machines Jissumed to have equal output and inaxiinuin pr(^ssure, ternpern- 
ture, and triangles of velocity. T — constant; p — constant.) 



Air 

He -f VO> 

He -4- (T), 

He 

IL 

Mean molecular weight . . , 

29 

s 

0 

4 

2 

Specific heat (Htu per pound 
liatio of viscosity {T ~ con- 

0.2t) 

0.755 

0.90 

1.25 

3.5 

slant). 

1 

1 

1 

1 

0.5 

Ratio of sound vclocit}^ . . . 
Adiabatic pressure ratio for 

1 

2.1 

2.4 

3.0 

3.9 

temiierature ratio 

4.0 

2.02 

2.71 

2.52 

3.05 

C ()2 (p(‘r cent by voliinu') . 
Number of stages (constant cir- 

1.4:) 

10 

5 



cumferential velocity - 
ratio). 

1 

2.S 

3.5 

4.S 

13.5 

Circumferential velocity (con- j 






slant number of stages) 

1 

1.75 

1.9 

2.2 

3.7 

Diameter (constant numljer of 

stages - - ratio). 

Revolutions per minute (con¬ 

1 

0.70 

0.73 

0.08 

0.52 

stant number of stag(‘s). _ 

Heat exchanger: 

1 

2.30 

2.0 

3.3 

7.1 

CoefFicient of heat transmis¬ 






sion (ratio). 

1 

l.SO 

2.12 

2.50 

4.35 

Number of tubes (ratio) . . 

1 

0.00 

0.02 

0.50 

0.27 

Length of tubes (ratio) 

1 

0.H2 

0.70 

0.70 

0.85 

Surface area of tul)es (\v(*ight) 
Heater: 

1 

0.54 

0.47 

0.30 

0.23 

Coefficient of heat transmis¬ 






sion (on one side). 

1 

1.0 

1.7 

2.0 

4.0 

Number of tubes (ratio). . . 

1 

0.78 

0.75 

0.08 

0.30 

Length of tubes (ratio). 

1 

0.82 

0.79 

0.74 

0.85 

Surface area of tubes (weight) 

1 

0.04 

0.59 

0.50 

0.25 


A careful study of Table I, the data of which have been 
established after studies by Ackeret for the American 
Society of Mechanical Engineers meeting, shows the relative 
merits of helium or helium mixture compared with air. It 
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is of value to know that these gases have better characteris¬ 
tics than air, because in the uranium pile air will pick up 
s()m(‘ ra(lioa(*tive rays, while helium at high pressures is the 
ideal gas to use for cooling the uranium pile. It should be 
kept in mind that Table I applies to units of 30,000 to 70,000 
net horsepower. 



ATMOSPHERES 

I I I I I I I I I 

0 100 200 300 400 50C 600 700 800 PSIA 

PRESSURE- 

Figure 26. Comparison of Heat Transfer for Air and Helium in Tubes of 1.2-in. 
Diameter. Equiil relative pre.ssuro dro]), E ~ ^p/p, for hdiuni and air. 


Figure 20 clearly shows an advantage of helium as com¬ 
pared to air. The heat-transfer characteristics apply to the 
heat exchanger as well as to the heater. By the use of 
helium as the working medium, the heat-transmission 
coefficients in the heater tubes can become as large as with 
water without involving high-pressure losses. This fact is 
important as an indication that a gas turbine plant should 
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be more efficient than a steam plant using water because 
the composition of water will vary, even depositing “boiler” 
scale. Helium or helium mixture, like air, would be a clean 
gas, giving the same blade efficiency after a long period of 
service as the gas did at the start. Even though helium 
does have the advantages of very high heat transmission 
coefficients, small relative pressure losses, and three times 
higher sound velocity than air, it has one serious disadvan¬ 
tage — it does cost money while air does not. For that 
reason helium can be used only in special cases, and an 
excellent special purpo.se is the use of atomic energy for 
creating heat. 

Uranium Heater 

In principle, the helium healer could be tuilt much more 
simply than the usual air heater. In the latter, the com¬ 
pressed air is heated in tubes, like steam in a steam boiler. 
If helium is used in the cycle, it could be heated in the same 
manner, but it need not be. As helium is neutral (indifferent) 
to radioactive parts and pile material, it can be let directly 
into a pressure casing that is in contact with the hot pile. 
Suitable canals can be provided to get enough heating 
surface, because the heat transfer with helium is very high 
at the elevated pressures (500 to 1400 psi). In this way, no 
special heater tubes are necessary, and the uranium bars 
are cooled directly by the helium. 

Let us regard the air-flow diagram of Figure 24 as a 
helium-mixture flow diagram. The pressures and tempera¬ 
tures would be slightly modified, but the arrangement of 
equipment would not change. (The choice of suitable pres¬ 
sures and temperatures for the helium cycle depends mainly 
on the constructional problems.) The helium-mixture 
heaters, which come just before the turbines in the air-flow 
diagram, would be of the uranium type shown in Figure 27, 
which illustrates the simple structure of such a “boiler.” 

The uranium heater under discussion has a core 15 ft 
square and 30 ft high. The.se figures are approximate because 
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the size of the pile depends not only on the heat which can 
be given out to the helium, but also on the still yet unknown 
physical conditions (temperatures) at which the pile can 
operate in stationary service. That the dimensions (!an be 
kept even smaller may be possible in the future. Four of 



these units should be sufficient to take care of the 35,000-hp 
plant of Figure 20. Two of the.se uranium heaters will be 
used to heat the helium before it. enters the first (high- 
pressure) turbine; and two will be required to heat the helium 
before it enters the second turbine, the low-pressure unit. 
It is suggested t.hat a spare unit be provided. A large over¬ 
head crane can be u.sed to replace the discharged unit with 
the spare, which means the power generating plant can be 
located in one place. The uranium heaters can be removed 
as necessary and transported to another building which is 
capable of handling the uranium and graphite separately. 

The total powerhouse capacity may be 200,000 hp or more. 
A capacity of 200,000 hp requires six generating plants of 
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35,000 hp each and 24 uranium heaters. For such large 
capacities (50,000 or 200,000 hp) single generating units 
could be built. By using closed-cycle maclunes, this will 
be possible. All uranium heaters would be taken by the 
same ov^erhead crane into the chemical building, where the 
contents could be properly handkid. 

The uranium heater is so designed that the top is easily 
removed and the graphite and uranium readily taki'n out 
and replaced. The uranium jiile is jdaced in a squai'(' con¬ 
tainer, which admits and distributes the htdium mixture'. 
Before removing the top, the helium-mixture "supply” 
and "return” must be shut off, and the pressure relieved in 
t he outer insulating space inside the circular piessure drum. 
This helium can be pumped into a storage reservoir foi' use 
in the next heater unit. 

A eountcr, located in a suitable place, indicates uranium 
actiivity and is used to operate the neutron regulator. The 
neutron regulator moves in or out the cadmium or othc'r 
metal which is used to regulate the activity of the uranium. 

Summary 

The closed-cycle gas turbine process, which was proposed 
some years ago by Ackeret and Keller, provides a new, prom¬ 
ising means for getting high efficiencies from thermal power 
plants, without the need for complicated operating cycles. 
Compressed hot air of about 600 to 900 psi expands in tur¬ 
bines to a back pressure of 60 to 100 psi, and is recompressed 
and reheated. This supercharged cycle permits the use of 
very small rotating machines, in comparison with the normal 
open-cycle gas turbine, and is especially desirable for units 
with outputs of 20,000 to 50,000, and even 200,000 hp. 

The closed cycle offers the unique possibility of using any 
suitable gas instead of air. Helium or helium-carbon dioxide 
mixtures give high efficiencies and small dimensions for 
special purposes. The properties of helium at high pressures, 
properties such as heat transfer, pressure drop, sound veloc¬ 
ity, neutralness toward radioactive material and graphite 
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make it possible to build tubular gas heaters of small dimen¬ 
sions, and enables us to pla(;e uranium piles -directly in 
contact with the helium flow for the purpose of transferring 
heat to this flow. The size and efficiency of suc^h an “atomic 
heater” and of a whole plant using a supercharged helium 
cycle are estimated to be more fa\"orable than those of steam 
plants of the same output. 



Chapter IV 

Construction of Atomic-Powered Locomotives 

S EVERAL types of atomie-powered lociomotives even¬ 
tually may us(‘d on th(‘ railroads. The steam locomo¬ 
tive will b(‘nefit most by the use of atomic power because 
the uranium fuel U-235 will occupy a small space compared 
to coal, which requires a large tender. A steam locomotive 
tender, built for long through runs, may (‘ontain as much as 
.50 tuns of coal; th((refoi'e the us(> of atomic power would 
eliminate the coal and the tender. The gas turbine loco¬ 
motive should benefit by the usci of atomic power. Today 
the gfis turbine locomotive l)urus oil; shortly it will be built 
to burn coal. By using atomic power, no oil tanks or coal 
equipment would be required. At this time, it is hard to 
visualize how the Die.sel locomotive can use atomic power 
within its combustion chambers (its cylinders). Doubtless, 
the Diesel locomotive will l)e use/1 even after atomic-powered 
locomotives come into ser\'ice, as each type of locomotive 
will have its place on th(! railroads. 

The electric locomotive will not necessarily benefit by 
the use of atomic power, as it will obtain power from the 
overhead wire or a third rail regardless of how power is 
developed — unless, of cour.se, fi,ssion of atoms will cause the 
generation of power directly in sufficient quantity and be 
capable of being controlled on a locomotive frame. If this 
should ever become the case, electric traction motors will be 
mounted on the driving wheels in the same way as they are 
now. The atomic-powered electric generating plant would 
be located on the top of the locomotive underframe. This, 
of course, would make an ideal locomotive, as the electrical 
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generating equipment would in all probability have no mov¬ 
ing parts, except possibly for cooling purposes. 

Let us now analyze the future possibilities of the steam 
locomotive and the gas turbine locomotive which will no 
doubt be the two outstanding self-contained types of motive 
power in the atomi(! eia. 

The Steam Locomotive 

The steam lot^omotive can be built in many different 
ways even though atomic power is used. The atomic- 
powered unit may be built, like the conventional steam loco¬ 
motive of today, using large driving whetds on a rigid whiiel 
base, cylinders, pistons, and side rods. The; boiler, however, 
would be very small compartal to the present-day lioiler, 
and, instead of carrying a large fiuantity of water on the 
tender, the water may Ix) carried where the boik'r is now 
located. Coal and the water tender would be eliminated 
except in desert regions, whewe large quantities of water may 
be required on unusually long runs, in which case a water 
tender may be necessary. Today, on the New York Central, 
the Pennsylvania, and similar railroads, a water scoop is 
used to pick up water from long troughs which lie in the 
center of the tracks along the right of waay. Quantity of 
water is, therefore, no longer an important item on these 
railroads. The steam locomotive on the Twentieth Century, 
powered by atomic energy, would no< have to stop anywhere 
from Chicago to Tlarmon. 

An atomic-powered steam locomotive could be similar 
to the latest Peunsylyania Railroad experimental unit, 
which has a steam turbine geared to the four center driving 
wheels. Side rods couple all driving axles, an arrangement 
which permits them all to be driven together from the one 
steam turbine. One large turbine is used for operating the 
locomotive in the forward direction, and a small steam tur¬ 
bine, which is engaged through a series of gears, is used for 
propelling the locomotive in the reverse direction at reduced 
speeds, simil ar to the reverse gear in an automobile. 
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The Pennsylvania Railroad proposes to build a powerful 
steam-turbine locomotive of approximately 9000 hp with a 
possible wheel arrangement of 4-8-8-4. Such a wheel ar¬ 
rangement would be well suited to an atomic-powered loco¬ 
motive if it is operated in special heavy-duty service such as 
is being planned for the proposed coal-fired turbine locomo¬ 
tive. This turbine locomotive has two sets of main turbines, 
one of which is geared to ca(;h set of drivers. An unusual 
feature is the location of a portion of the water in a hood 
ahead of the engineer. 

What would the appearance of a steam locomotive be 
were it powered with atomic energy as we know that energy 
today? Based upon Dr. .1. A. Wheeler’s talk before the 
American Society of Mechanic'al Engineers on January 30, 
1946, several feet of shielding thickness is required, so 
that it ‘^might. just be possilile [for the locomotive] to carry 
such a shield through existing railway tunnels.” This 
means that the “boiler” would be about 10 ft in diameter, 
having a shell about 3 ft thick. This leaves a space 4 ft in 
diameter within the “boiler.” A space about 9 ft long within 
the “boiler” should be sufficient, which makes the “boiler” 
1.5 ft long over all. This boiler would weigh in the neighbor¬ 
hood of 250 tons, or 500,000 lb. Such a weight could not be 
carried on the locomotive frame, but it can lx? carried on a 
specially constructed car. This car would have four 8-whcel 
trucks under it. If an axle load of 55,000 lb is used, the 
total weight of the car including the boiler would be 
880,000 lb. 

Figure 28 shows this boiler car and locomotive. The loco¬ 
motive is similar to the conventional 4-8-A: type, using outside 
cylinders and side rods. This design is unusual and interest¬ 
ing, as a short hood can be located in front of the engineer’s 
cab to hold train control and other equipment. The hood 
behind the engineer’s cab would contain the water supply 
and can be shaped to suit locomotive balance and outside 
appearance. Allowing 40,000 lb axle load on the leading 
truck, 50,000 lb for each axle on the trailing truck, and 
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60,000 lb for each driving axle, the locomotive would weigh 
420,000 lb. The locomotive together with the atomic boiler 
car would weigh 1,300,000 lb, or 650 tons. 



Figure 28. Proposed Atomic-Powered Steam Locomotive. 


A locomotive of this weight would not be suitable in fast 
passenger service, but this additional weight would mean 
lit tle when handling a 5000-ton freight train, especially on 
long through runs. This atomic-powered locomotive would 
therefore be well suited to heavy freight, service on the long 
through runs between New York, Chicago, and the West 
C^oast. We must realize that in time this construction may 
be altered materially with the advance in the knowledge of 
how to handle atomic energy. 

Figure 29 shows an unusual design of atomic-powered 
locomotive which may be possible when boiler thickness can 
be reduced from 3 ft to 1 ft or less. This unit would have a 
wheel arrangement of 6-8-6. Its outside appearance above 
the wheels is similar to that of the GGl, the large electric 
locomotive operating on the Pennsylvania Railroad. The 
leading truck at each end is 6-wheeled, similar in design to 
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the 6-4-4-6 locomotive built by the Pennsylvania Railroad 
and exhibited at the World’s Fair in New York in 1940. 
The driving wheels have the same wheel distribution as the 
New York Central No. 6000, which has a rating of 6000 hp. 
A rigid whe(4 base is used, since only 8 driving wheels arc 
required. The driving wheels are 60 in. in diameter, and to 
each wheel is geared a small, 3-cylinder steam engine. 




Figure 29. Proposed 6000-Horsepower Atomic-Powered Steam Locomotive. 


The steam engine considered for this locomotive design 
is now being used on an experimental locomotive in France. 
The French locomotive has a boiler pressure of approxi¬ 
mately 800 lb, and the cylinders are approximately 6 in. in 
diameter. This gives a very small cylinder, especdally when 
we consider that one of these engines consisting of 3 cylinders 
will produce 750 hp. This size of engine has many advan¬ 
tages, one being that all repair work on the engine would 
be done in the lociomotive shop away from the locomotive, 
because the engine is sufficiently light to be easily pulled off 
and another engine mounted in its place. With two of these 
engines mounted on each axle, a total power of 1500 hp is 
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produced for each pair of driving wheels. This makes a total 
of 6000 hp for the locomotive. 

The engineer’s cab would be located in the center of the 
locomotive, similar to the arrangement on the GGl. The 
cab would be long, possibly 15 ft, to give ample space in the 
center of the cab for the locomotive boiler. A long hood 
would extend out from the engineer’s cab to the front of 
the locomotive. This hood would be filled with water. A 
similar hood would be located on the other end of the locomo¬ 
tive, giving ample water capacity. The two hoods would be 
so shaped as to give excellent visibility in both forward and 
reverse directions. The locomotive would operate with 
full power equally well in either direction. With this wheel 
arrangement, the; riding quality should be equal to the finest 
Pullman (^ar. With cylinders individually mounted on each 
axle, there would be no jerking owing to dead center encoun¬ 
tered iji the usual type of steam locomotive. The accelera¬ 
tion would be evem, smooth, and fast. Locomotive perform¬ 
ance, in other words, should be excellent. 

The design of the boiler is the heart of the atomic-powered 
locomotive becau.se it makes pos.sible the (“onstruction of a 
powerful, yet relatively light-weight, locomotive. The total 
weight of this ideal locomotive would l>e approximately 
560,000 lb, assuming 65,000 lb per driving axle, w'hich 
amounts to 93 lb per horsepower and is considerably lighter 
than Diesel road locomotives built today. One reason for 
so much weight in an atomic-powered lot'omotive is that it 
must carry a large quantity of w'ater, which is necessary on 
any type of steam locomotive. However, an atomic-powered 
locomotive must have sufficient weight to keep it on the 
track w'hile it is producing its high rating of 6000 hp. With¬ 
out sufficient weight, the driving wheels would spin around 
like a skidding automobile on ice. 

The boiler on this ideal atomic-powered locomotive is 
estimated to have a diameter of 6 ft over all and an inside 
diameter of 4 ft, which allows a 1-ft thickness for the boiler 
shell in order to protect the engineer, fireman, and crew 
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members from radioactive rays. It is assumed that the 
boiler would be made of stainless-steel welded plates of 
possibly 2-inch thickness, sufficient to hold a steam pressure 
of 800 to 1000 pounds. In time, we will find what is the best 
shielding material to put around this boiler. In our present 
state of knowledge, we would no doubt use a series of lami¬ 
nated shielding materials at least three times as thick as 
what can be expected in the future. It. is very possible that 
a combination of several materials will be required to give 
the best results. The bottom of the boiler will of course 
have to be protected the same as the sides, but it appears 
there will be no need for protecting the top to any ext ent, as 
men will not be allowed to climb up over the boiler when it 
is in operation any moie than they are allowed to climb on 
top of a running (>lectric locomot ive. 

In spite of the excellent progress to date, we have a great 
deal to learn about how to protect workmen from the radio¬ 
active rays produced by fission of atoms. Can we find an 
analogy in the progress made in the insulation of homes? 
Nineteenth-century (and earlier) home insulation was pro¬ 
vided by walls 3 to 4 ft thick; today, home-insulator thick¬ 
ness has been reduced to inches. Today, shielding from 
radioactive raj^s is a matter of feet, but in the years to 
come we may find that a thin wall consisting of certain spe¬ 
cial laminated material will be sufficient. We already know 
that the four electrically charged particles (alpha particles, 
deuterons, protons, and electrons) can be easily stopped. 
Mr. E. V. Murphree, Executive Vice President of the 
Standard OU Development Company, states in the Jime 
1946 issue of The Lamp: 

In general, a mere sheet of paper can shield against alpha 
particles; six sheets, against deuterons; ten sheets, against 
protons; 500 sheets, against electrons.. . . Roughly, it takes two 
inches of lead to shield against gamma rays and the equivalent 
of six feet of water to shield against neutrons. 

Obviously the neutrons have to be stopped; when they 
are, the other five particles are also stopped. On a loco- 
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motive we cannot use six feet of water as a shield, but we 
should be able to use its equivalent. In the future that 
equivalent may be reduced to a thickness of one foot, or 
even less. 

In the center of the boiler will be located blocks of uranium 
235 as well as the necessary controlling plates to control the 
activity of the U-235. The water will (iorae in to the bottom 
as shown in Figure 29, and as the U-235 is of the refined type, 
it will be extiemely active and immediately turn the water 
into high-pressure, high-temperature steam. The steam may 
be controlled by regulating the amount of water coming 
into the boiler. The steam will go out the dome at the top 
of the l)oiler, branching off to the various locomotive cylin¬ 
ders. The controls for such a locomotive should not be too 
difficult to design. It is felt that by using a boiler of the size 
shown in Figure; 29, we will not be very far from the correct 
boiler to be used after .sufficient experimentation is made to 
determine just what is required. 


Gas Turbine Locomotive Possibilities 

Figure 30 shows the cross section of the gas turbine loco¬ 
motive now operating in Switzerland and built by Brown, 
Boveri & Company. When we have learned to use atomic 
energy in the combustion chamber of this locomotive, we 
will find (hat the design of turbine and compressor will have 
materially advanced, producing more horsepower in less 
space. The wheel arrangement of this locomotive may be a 
duplicate of Figure 29, and, instead of using steam in the 
cylinders, we may use very hot gases under high pressure. 
The engineer’s cab would be located in the center, as in 
Figure 29, but, in place of water tanks under the front and 
rear hood, a gas turbine unit of approximately 3000 net 
horsepower would be located under each hood. Instead 
of cylinders to produce the power, as shown in Figure 29, 
it is possible that a generator, connected to each turbine 
shaft, would produce the power to drive the traction motors 
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on the same 8 driving wheels. This much would not be 
difficult to arrange. 

The difficult feature in this locomotive is the creating of 
atomic energy within the size of combustion chamber shown 



Courtesy of Brown, Boveri ct Company 


P' — Firebox. 

T — Gas Turbine. 

A — Compressor. 

R — Regenerator, Air Heater. 
GB — Gear. 

G — Generator. 

BP — Bedplate of Unit. 

1 — Air Inlet to A. 


2 — Air Inlet to Inside of Tubes in R. 

3 — Fuel Nozzle. 

4 — Air Inlet to P’ at 3. 

5 — Air Inlet at Sides of F. 

6 — Gas Inlet to T from F'. 

7 — Gas Outlet from T to Go Around 

Tubes of R. 

8 — Outlet from R. 


Figure 30. Section of Gas Turbine Generator Set Shown Mounted on the 

Locomotive Frame. 


as F in Figure 30. It may be many years before this can be 
done. The combustion chamber shown in Figure 30 is only 
about 3 ft in diameter, but, if blocks of uranium were placed 
in this combustion chamber and if the uranium were (!ooled 
by forcing air under high pressures over it, we might find 
that considerably more space would be required. The cool¬ 
ing of the uranium 235 with high-pressure air would cause 
a rise in the temperature of the air possibly to 1500° F or 
more. We can feel safe in saying that the turbine will be 
capable of standing extremely high gas temperatures by the 
time we learn how to use atomic energy within the firebox 
or combustion chamber of a gas turbine locomotive. 
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Here again considerable shielding will be required to 
protect the locomotive crew from the fireboxes or combus¬ 
tion chambers. It was suggested that two of these turbine 
units be used on one locomotive, and in that case the ai omic- 
powered firebox of each unit would be located at the far end 
from the engineer’s cab. 

Conclusion 

In this (!hapter, we have pointed out that revolutionary 
designs will be made when atomic power can be utilized in 
locomotives. However, the steam locomotive and the newest 
typ(^ of gas turbine locomotive will have a place on the rail¬ 
roads in the atomic era. The steam locomotive still ap¬ 
pears to have a very excellent future, and the gas turbine 
locomotive will unquestionably be improved by the use 
of atomic energy. We can feel confident that locomo¬ 
tives powered by atomic energy will not replace the Diesel 
locomotive burning oil, except in certain classes of service. 
The locomotive using atomic energy must be used in heavy- 
duty continuous service. This leaves the Diesel locomotive 
still the ideal locomotive for switching service, and for the 
considerable amount of light- and heavy-duty service on 
intermittent runs. The electric locomotive of course will 
continue to be used in tunnel service and on unusually 
heavy traffic service in connection with tunnel and terminal 
conditions. 

No matter how bright a picture may be painted to show 
the advantages of the atomic-powered locomotive, whether 
it be steam, gas turbine, or some other type, we can be safe 
in saying it will not be here for at least 20 years. The atomic 
era has just started, so that, if atomic-powered locomotives 
do not appear for another 20,30, or 40 years, they will still be 
early in the atomic era, which is destined to endure for many 
centuries. 



Chapter V 

Marine Possibilities 


T he construction of an atomic-powered ship appears to 
be the next step after building an atomic powea plant. 
The plants now constructed are built primarily for (he pur¬ 
pose of producing plutonium to be used in the manufacturing 
of bombs. The first plant destined for the primary puipose 
of producing power, with plutonium as a by-prodiu-t, will 
no doubt be built by our government, owing to both high 
experimental cost and secrecy reasons at this time. The 
first ship will in all probability also be built, by the govern¬ 
ment; the Navy could afford the necessary high experi¬ 
mental costs. There are other reasons why the Navy should 
build the first ship; for example, the heavy shielding required 
can also be used for armor plate. 

Let us assume the finst ship to be an aircraft (*arrier, as 
shown in Figure 31, which would be of a special design, not 
only because of the power plant but because some planes 
would be used to carry atom bombs. It may seem fantastic 
to think of the ship’s power plant as being capable of pro¬ 
ducing material for atom bombs, and yet this may be within 
the realm of possibilities. 

In a talk before the American Society of Mechanical 
Engineers on January 30, 1946, Dr. J. A. Wheeler pointed 
out the two pos,sible ways of accomplishing the regeneration 
process. The first is the generally assumed method wherein 
new fissionable material as well as raw material is added 
from time to time to keep the process going. The other 
possible way is far more economical. In this case, the raw 
material is added as necessary, while no new fissionable 
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material is added; in fact, the process may produce a surplus 
of fissionable material which may be removed and used in 
atom bombs. The practicability of producing this fissionable 
material at sea and placing it into bomb cases has not yet 
been determined, but we can visualize it as practical — and 
what we are able to visualize today may be accomplished in 
the future. 



Figure 31. Proposed Atomic-Powered Aircraft Carrier. 


Wliether this ship produces excess fissionalDle material or 
not is a secondary factor today. Another reason the Navy 
rather than a commercial line would be more interested in 
building an atomic-powered ship is that the “pay load” is 
of secondary importance as compared to range of operation 
without taking on fuel. With an atomic power plant, the 
ship may stay in enemy waters for months without coming 
into port or even contacting a friendly vessel. This is a very 
important advantage to a ship at war. 

Another decided advantage is the complete absence of 
smoke, with the consequent elimination of smokestacks or 
funnels. The only reason for having an opening of any kind 
is to provide ventilation for the crew, and this can be accom¬ 
plished through the side of the ship. There will be no need 
of any structure above the flight deck except the bridge, 
chart room, and so on. This structure could be in its normal 
position at the side of the ship except when the ship is in 
action, and then it could be swung clear of the plane deck 


172 CONVERTING ATOMIC ENERGY INTO POWER 

and located out over the water, the entire bridge structure 
being mounted on a steel framework as shown in Figure 31. 
This framework would be changed from normal to fighting 
position by air-operated power cylinders. This structure is 
of course a minor item, but it is just one of the possible 
changes that may be made to advantage when an atomic 
power plant is used. 

The type of power plant may be similar to that of the 
steam locomotive, but on shipboard this would have the dis¬ 
advantage of carrying water for steam or the chemicals for 
changing sea water into fresh water. It is therefore suggested 
that the power plant be of the gas turbine type similar to 
the one shown in Figure 20, which has the advantage of not 
requiring air from the outside for use within the plant or 
for cooling. Figure 24 shows the closed cycle of this arrange¬ 
ment whereby all cooUng is done by water. Since there is 
naturally an ample supply of sea water under a ship, this 
seems to be the ideal arrangement. In Chapter III of Part IV 
of this book, this type of power plant, is explained in detail. 
The uranium-graphite pile shown in Figure 27 would be 
used. This is especially desirable on shipboard, since a 
heliiun mixture, used for cooling, is circulated over and 
over again. A supply of the helium mixture must be carried 
on board only to replace any leakage that may occur. These 
piles, as shown in Figure 27, will be heavy and will require 
considerable space, but the piles, together with the power- 
plant equipment, may be located in the hold of the ship in 
an arrangement which will serve the best purpose. 

There are great possibilities in ship design where both an 
oil-fired and atomic-powered plant may be jointly operated. 
The atomic-powered plant would be used for normal cruising 
speed while the oil-fired plant may be used for peak speeds. 
In this case, it is very possible for the two plants to be of 
about the same capacity. 

In time, certain types of commercial ships may be powered 
by atomic energy, but this seems to lie in the distant future. 



Chapter VI 

Conclusions 


A tomic energy is a suitable substitute for fuel; it is 
another means of creat ing heat. This heal, can bo con¬ 
verted into mecthanical energy by using present-day types of 
prime movers, such as the steam engine and steam turbine, 
the gas turbine (both open and closed cycle), and possibly 
even the internal combust ion engine. The steam turbine, in 
large sizes, has proved more efficient than the steam engine. 
The gas t urbine has already proved that it is more efficient 
than the gasoline engine, and indications are now that for 
sizes well above 2000 hp its efficiency approaches that of the 
Diesel engine. 

In Chapter III we found that the AK closed-cycle gas 
turbine that uses helium is the ideal method for generating 
power from the uranium pile. It can be used efficiently in 
sizes above 30,000 hp. In time, the open-cycle gas turbine 
unit should be applied to locomotive use, as described in 
Chapter IV, but before this happens we (van expect a Navy 
ship to be operating on the closed cycle, as described in 
Chapter V. The steam locomotive with uranium fuel will 
no doubt be the first type of rail motive power to be built 
for using atomic power. Unquestionably, each type of prime 
mover will have its place in the power field. 

The same reasoning applies to fuels. For example, in the 
nineteenth century, ele<!tric light was beginning to replace 
the gas light, and the statement was made that the gas in¬ 
dustries would soon be out of business; they actually were 
soon out of the lighting business, and yet today the total 
business of the gas industry is greater than ever. Atomic 
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energy will not. replace any of the fuels; it will supplement 
them. 

We find that atomic energy will not be produced cheaply 
in large quantities even if it w^ere capable of replacing coal 
or oil. For example, the cost of (^oal is not even one fifth the 
cost of producing electric power in the public utility indus¬ 
tries. Therefore, if the cost of fuel were eliminated entirely, 
the cost of electric power to the consumer could not be 
reduced by more than one fifth. The fuel used depends 
entirely upon the supply and demand in each particular 
territ ory. Only experience will determine how atomic pow'cr 
can be utilized to the most economical advantage. 

Various t ables have been published showing relative com¬ 
petitive cost s iietween uranium and coal, taking into account 
their rislative heating values. Comparison in cost is difficult, 
however, because of the many variable factors in the produc¬ 
tion of atomic energy, or even in the produc^tion of uranium 
235 itself. We can safely state that, if coal costs ten dollars 
a ton, we can afford to pay at least ten thousand dollars for 
one pound of uranium 235, w’hich means tw'O million times 
as much for one pound of uranium 235 as for one pound of 
coal. In the ca.se of fuel oil or gasoline, we can afford to pay 
two hundred thousand times as much for a pound of uranium 
235 as for a gallon of fuel oil or gasoline. Thus, even though 
uranium 235 is expensive to produce in concentrated form, 
its heating value is enormous. 

In summing up the uses of atomic energy for power pur¬ 
poses, we find that hot water and steam can be produced 
for pro(!essing, space heating, generation of power, and for 
various other industrial applications. Furthermore, we also 
find that cold air, helium, and various mixtures can be heated 
to produce power in gas turbines, as well as for industrial 
uses, such as drying, processing, and general heating appli¬ 
cations. 

Of the many applications of atomic energy, one is out¬ 
standing: rocket propulsion. The day may come when 
rockets will take us to the moon, or even to the planets. 
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While many people feel that this is impossible, we need only 
to look back less than five hundred years, when Columbus' 
proposal to reach the Orient by sailing westward was derided 
because of a general lack of knowledge and absence of vision. 
Today, we have traveled all over the world: under water, 
on the surface of the oceans, and in the sky. We have mapped 
nearly every portion of the world. We have won another 
World War. It may soon become possible for war-loving 
men to fight on Mars, and adventuresome, peace-loving 
people may (*hoose to live on another planet. 

It is difii(*ult for us to reahze that atomic* energy has now 
actuall}^ l>een produced, and to conceive the magnitude of 
the devastation wrought by the bombs dropped on Japan. 
By the same token it is difficult to realize that this same 
for(*e (*an take us away from the earth, to new worlds and 
new places. The possibility of traveling bj^ rocket linings 
into prominent relief the epoch-making signifi(*ance of 
at omic energy. For t he propulsion of si earn and gas tur¬ 
bines and many other types of power mac'hinery, in(*luding 
those of the present day, as well as those of thc^ future, atomic 
power is of equal signifi(*ance. Atomic power is now here! 

Let us attempt to look into the distant future before 
bringing our discussion to an end. In Part IV, we have shown 
how power can be produced by the heat of atomic energy. 
However, elecJric power can be produ(*ed directly from the, 
splitting of the atom. This depends upon the type of atoms 
split, the arrangement of the atoms when split, and a sat¬ 
isfactory means of carrying off the elect ric energy in wires 
or suitable (‘onductors. In the uranium pile, neutrons from 
one block of uranium are continually bombarding uranium 
in another block to produce plutonium. At the same time, 
electrons are being thrown off, and it, is not a difficult matter 
to collect these electrons. The difficulty lies in utilizing the 
electrons, since they do not become free with any degree of 
regularity. Scientists will in time be able to regulate com¬ 
mercially the flow of electrical energy from a uranium pile 
or similar self-sustaining method of atom-splitting. 
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Articles on atomic energy have appeared in many publica¬ 
tions. The (‘ontents of the better articles have been summed 
up in the Australian Commonwealth Engineer of September 
1945, as follows: 

A new stage has been reached in the develo})ment of motive 
power. Whereas yesterday the internal coml)ustion engine and the 
steam turbine were the prime movers, tomorrow the gas turbine 
and possibly the atomic engine will also power our factories, supply 
our light, and propel us along the roads and through the air at 
enormous speeds. It remains for us to adapt our way of life to the 
new scientific order, that we may gain the ultimate benefit from 
our rapidly increasing control of natural forces. 



Part V 

industrial Benefits from U-235 Research 


By IL R, Austin 




Chapter i 

War’s Gift to Peace 


A LARGE amount of space in our daily papers and 
periodicals has been devotetl to glowing accounts of the 
painstaking, involved research l>y world-famous nuclear 
physicist,s (“ulminat ing in the splitting of the uranium atom. 
Interesting speculations on the possibilit ies and availability 
of atomic power have been indulged in, lent all too little has 
been said about, the benefits which industry, as it is today, 
might expect, not from the use of atomic power, but from 
engineering principles, new equipment, and new methods 
that have been developed as a necessary prerequisite of the 
atomic bomb. 

It is therefore the purpose of this section to make avail¬ 
able to t he public, some tangible assets accruing to American 
industry right now from knowledge gained in the successful 
solution of the problems faced in separating U-23.5 from 
natural uranium by gaseous-diffusion methods. Iru-identally, 
the success of that process was underlined in 1945 by two 
developments: (1) The Kellex Corporation shared with 
others ser\’ing at Oak Ridge the honor — so well deserved 
by all of them — of the Army-Navy Award, which 
tribute was announced by the government; and (2) even 
more important, from an engineering viewpoint, the tech¬ 
nical soundness of the diffusion plant,’s processes and equip¬ 
ment were strikingly demonstrated in the announcement 
that, of the three methods in use at Oak Ridge, this was 
the only plant to be continued on normal operation. This 
decision, it was stated, was the result of a new postwar 
policy in which emphasis was shifted from all-out war 
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production at any cost to concentration on a single process 
which would yield maximum peacetime production consist¬ 
ent with efficiency and economy of operation. Wartime 
performance of the diffusion plant was such that the au¬ 
thorities selected this process alone for the separation of 
U-235 in postwar use. 

The development work for this method had to be trans¬ 
formed from a highly theoretical concept without even a 
laboratory process upon which to base design and perform¬ 
ance data into an efficient, multi-stage, commercial gas- 
recychng process. And it all had to be done in a hurry. So 
vast was the undertaking and so enormous the cost that it 
is quite safe to state that no single corporation or group of 
corporations would even consider industrial research on 
this subject vdth such little prospect of success. The saying 
“necessity is the mother of invention” was never so true 
as in the new developments, both in apparatus and process, 
conceived, developed, and applied under the emergency of 
war to bring the project to a successful conclusion. 

It is doubtful if such concentrated research was ever 
before brought to bear on any one problem. That it was 
solved quickly is a tribute to the ingenuity and resourceful- 
ne.ss of American science and engineering and bodes well for 
future developments in this field. The total cost of just 
separating the U-235 isotope by the diffusion process in 
important volume reached a substantial portion of the over¬ 
all figure of $2,000,000,000. Mistakes were made, of course, 
because decisions had to be made quickly, but progress is 
not achieved without mistakes. The important point is 
that these mistakes were capitalized on, and, now that it is 
all over, the vast sum of money .spent can be considered not 
only as a necessary war expenditure or as a preliminary to 
developing superpower resources in the future, but also as 
our government’s contribution toward the betterment of 
indu.stry as a whole. 

For there is no doubt about it, industry does not have to 
wait for atomic power to utilize the experience of the project. 
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Many lessons have been learned which can and will be ap¬ 
plied to more efficient processing immediately. It cannot 
all be revealed in print at present, but it is in the minds of 
engineers and firms participating in the project and will 
be inextricably bound up with their future thinking, engi¬ 
neering design, constmction, and processing. Some items in 
these fields can be mentioned and are considered lielow. It 
is hopcid that they will afford to the serious thinker some 
idea of the enormity of the problem and the scope of its 
application toward the betterment of our industries. 

Following are some of the industries with indications of 
how they will benefit from knowledge gained in the U-235 
problem: 

1. Petroleum refining: 

(a) improved pumping. 

(b) new-type, more efficitmt. heat exchangers. 

(c) mass spectroscope (continuous analjdical con¬ 
trol). >■ 

(d) possible new methods of separating gasoline 
fractions. 

(c) improved automatic control. 

2. General chemical and 'processing industries: 

same :rs in petroleum refining. 

3. Manufacture of pressure and vacuum vessels: 

(a) checking welds. 

(b) pre-testing vessels for leaks before operation. 

(c) improved vacuum techniques. 

4. High-vacuum industries: 

(a) improved vacuum methods for vitamin distil¬ 
lation. 

(b) new methods of detecting high vacua in elec¬ 
tronic tube manufacture. 

(c) low-pressure, low-temperature dehydration of 
foodstuffs. 
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5. Gas-processing industries: 

(a) diffusional separation of helium from natural 
gas. 

(b) efficient separation of hydrogen from process 
gases. 

(c) diffusional separation of oxygen and rare gases 
from air. 

(d) new techniques in gas recycling. 

6. Electrical industry: 

(a) new elec(.roni(‘ techniques in high vacua. 

(b) improved micro-sensitive instrumentation. 

7. Medical profession: 

(a) low cost, abundant source of radioactivity. 

(I)) improved protective methods for combating 
toxicity in industry. 

(c) extension of cancer therapy. 

8. Refrigeration industry: 

(a) increased safety in equipment. 

(b) improved handling of fluorides for refrigerants. 

9. Industries employing corrosive chemicals: 

(a) new pump and valve lubricants and packing 
methods. 

(b) new treatment of metal surfaces to prevent 
corrosion. 

(c) improved safety practices. 

(d) completely enclosed pumps operated from ex¬ 
terior by induction. 

10. Optical industry: 

(a) exceedingly accurate (billionths of an inch) 
methods of measurement using radioactive 
rays, applicable, for example, to lens grinding. 

Corrosion Factors 

Right from the start of the project staggering obstacles 
loomed. Uranium, being a solid, had first to be transformed 
into a gas for utility in the selected gas-diffusion process. 
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This meant selecting a compound of uranium with some other 
element which would be gaseous at nominal temperatures 
and from whicih elemental uranium could be readily regained 
after diffusion. After much exp(;rimentation, which included 
uranium hexafluoride, UFe, and other gases, a suitable 
process gas was selected. One of the big advantages of 
UFe, which brought it into special consideration, w'as that 
fluorine, having only one isotope, would not complictate the 
separation by adding new (iombinat ions w’hich would difTu.se 
at varying sperids. Uranium hexafluoride is a solid at room 
temperature but fortunately turns into a gas at 56° C. 
Unfortunately, however, like most fluorine compounds, it 
was highly reactiv’e, physiologictally poisonous, and intro¬ 
duced problems of corrosion which pointed toward difficid- 
ties in production and handling. As one spok('sman for the 
Kellex 'Corporation has stated, “Uranium hexafluoride 
is one of the hardest things to handle in the history of 
mankind.” 

It was found that pract ically all the techniques and devel¬ 
opments gained in the successful study of the problem could 
be carried over into a number of industries plagued by 
corrosion factors through imjnovement in equipment and 
processing. The results indicated a saving of millions of 
dollars annually in the con.servation of critical equipment 
and materials, minimum breakdown of moving parts, and 
increased safety for workers. 

In the process it was imperative that no material in con¬ 
tact with the process gas react with it, since such corrosion 
would lead not only to plugging of the microscopic pores of 
the diffusion barrier and various me('hanical failures but 
also to absorption (t hat is, virt ual disappearance) of enriched 
U-235 isotope. Obviously, therefore, standard-type valves 
and piping could not be used; instead, new methods of pre- 
treating metal surfaces against corro.sion were worked out, 
and new-type coolants, piping, heat exchangers, lubricants, 
pumps, and packing were developed to satisfy the stringent 
requirements. 
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Application of New Corrosion Knowledge to Industry 

Hydrogen fluoride is an important isomerization and 
alkylation catalyst in petroleum refining as well as an im¬ 
portant raw material in the produ(*tion of aluminum and 
refrigerants. It is, however, so highly active and dangerous 
that industry has not yet capitalized on many of its poten¬ 
tialities. Its handling may now be made safer and simpler 
\Hihout excessive* maintenance costs, and as a result its 
increased use in industry may be realiz(‘d. 

Other important starting materials for a host of industrial 
products such as sulfur dioxide, hydrogen (‘hloride, and the 
mineral acids (sulfuric, nitric, and phosphoric) have all pre¬ 
sented .sev('re problems of transfer and corrosion, with par¬ 
ticular emphasis on valve lubricants and pump packings. 
These difficulties can be greatly simplified by application of 
the knowledge gained through the extensive experimenta¬ 
tion with UFe and the other related gases. 



Chapter II 

improvements in industrial Equipment 

Pumps 

'J’he .sl-ory on pumps, the heart of the process and one of 
its most (liffi(‘ult problems, is particularly intercstiufi and 
applical)lc to modern industry. Thousands of pumps oper¬ 
ating under reduced pressure at Oak Ridge created prol)- 
lems in vacuum (echnicpie on an unheard-of scale. Other 
thousands operated at nominal pressures. But. regardless 
of the type or service!, none could leak or corrode and all 
had to have as small a volume as possible. Many different, 
types of (ientrifugal bloweu- pumps and sylphon-sealed re- 
cipro(!ating pumps were tried out and new types developed. 
For example, in one of the pumps for the larger stages the 
impeller was driven through a coupling containing a very 
novel and ingenious new seal. Another type of pump was 
completely enclosed, its centrifugal impelk'r and rotor being 
run from the outside by induction. One of the out-standing 
a(!hievements was a single-stage valve-in-head reciprocating 
pump with gas lubrication between piston and cylinder and 
a sylphon bellows between piston rod and cylinder. Other 
types of pumps were given su(!h d('scriptive tit.kis as the 
“shaker pump,” the “snake pump,” and the “paddle 
pump.” 

Top-flight pump designers from leading manufacturers in 
this country collaborated in research at the central Kellex 
laboratories in Jersey City and succeeded to a remarkable 
degree in increasing industry’s knowledge of this all-impor¬ 
tant phase of processing. For security reasons the practical 

185 



186 


INDUSTRIAL BENEFITS FROM U-235 RESEARCH 


applications of the new types of pumps developed cannot 
yet be revealed publicly. However, the engineers w’ho 
participated in this phtise of (he project have brought to 
their parent companies a vastly increased lore of new tech¬ 
niques which cannot help but be reflected in increased 
servi(!e to their customers. 

Perhaps the most significant advance in pump design 
which has been most successfully aiicomplished is the utili¬ 
zation of supersonic velocities of a very high order (Mach 
numbers of over 1.0). Becau.se of this high rotor velocity, 
small centrifugal pumps now can lie ma<le with capacities 
equaling miu^h larger pumps. Centrifugals can now develop 
higher compression ratios than ever Ix'fore and may even 
be used for compression purposes, whereas in the past 
they have been employed mainly for transfer and blowing 
purposes. 


Barrier Requirements 

Literally acres of porous barriers were required for the 
gas-diffusion plant with billions of holes .smaller than 0.01 
micron (about two millionths of an inch). De.spite the high 
degree of porosity required, such barriers had to be al)le to 
withstand a pressure head of one atmosphere. The pores 
had to be of uniform size and spacing and must not become 
enlarged or plugged up as the result of direct corrosion or 
dust coming from corrosion elsewhere in the system, and 
the barriers had to be amenable to manufacture in large 
quantities and with uniform quality. 

One of the major reasons for the lack of diffusion tech¬ 
niques in industry today has been the barrier problem. Few, 
if any, corporations cared to expend the prohibitive time 
and money in the necessary research on this problem, until 
it was made necessary by the exigency of the .situation. Al¬ 
most at the last minute an excellent barrier was developed, 
and today these operate successfully throughout the more 
than several thousand stages. 
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Application of Diffusion Principles to Industry 

Now that a large part of the basic research on diffusion 
barriers and theh application to full-scale industrial separa¬ 
tions has been completed, particularly with reference to gas 
recycling and instrumentation, it seems almost certain that 
helium will be separated from natural gas by diffusion 
techniques rather than by the present, refrigeration method. 
Hehum is so light in comparison to other components of nat¬ 
ural gas that its diffusion velocity through a porous barrier 
is over twice as great as the next lightest compound present 
in the same source. 

It may be even easier to isolate hydrogen by these new 
methods from a number of pro(*ess gases now used merely as 
fuel because the diffusion velocity of hydrogen, the lightest 
of our elements, is over four times that of any compound 
associated with it. 

The isolation of ethylene from cracked-gas oil by incor¬ 
porating diffusion barriers as an integral part of cracking 
units could conceivably supply an abundant source of this 
versatile chemicial, which is used for the manufac-ture of 
synthetic rubber, plastics, antifreeze, alcohol, and many 
other products. 

The preparation of oxygen and rare gases from air with¬ 
out resorting to refrigeration and fractional distillation is 
another possible appheation, when economic methods are 
developed. 

The direct isolation of natural gasoline fractions from 
crude petroleum without resorting to distillation, and new 
types of fractionating columns for the petroleum refining 
industry, also appear feasible. But the barrier material 
maybe used in a number of non-diffusive applications. For 
example, it can be used for filtering in a manner analogous 
to the fritted glass plate — only better, since it can be made 
in much finer porosity. The coarser types of barrier might 
be used in filtering normal dusts and would have the advan¬ 
tage of not plugging up. Barriers might also be used to 
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replace the costly and dangerous high-voltage “Precipi- 
trons” for disposal of fly ash, soot, and so on, in industrial 
plants and even in private homes (for instance, in such cities 
as Pittsburgh or St. Louis). 

Welding 

Automatic welding of vacuum-tight joints was refined 
and developed to a high degree. As a result, future welded 
plant construction will be cheaper and will be accomplished 
with less manpower and with uniform high-quality work¬ 
manship. The skills developed in automatic welding tech¬ 
niques are even now available and greatly extend man's 
mastery of vacuum and pressure-vessel fabrication. 

instrumentation 

If pumping is the heart, of processing, then instrumenta¬ 
tion is the brain. No continuous process could function 
etficiently without adequate automatic control. In the 
gaseous-diffusion plant the problems of instrumentation 
were far greater than in any other industry because the 
theory involved the assumption that diffusion took place 
through an infinite number of stages, whereas practicability 
dictated that such stages be limited in number. 

Even so, several thousand stages were required, necessi¬ 
tating an intricate system of gas recycling involving abnor¬ 
mally large volumes of gases in relation to the finished 
product and continuous high-precision anal 5 dical control. 
About half of the gas processed in each stage diffused through 
the porous barrier as enriched U-235 product, and after 
repressuring was sent on to the next higher stage for further 
concentration; the impoverished half was also repressured 
and recycled through the next lower stage. The recycling 
involved was enormous, over 100,000 times the volume of 
the final enriched gas. 

There were developed to meet these needs the most pre¬ 
cise, continuous, automatic, analytical control instmments 
ever produced by man. This refinement is one of the out- 
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standing features of the gas-diffusion plant and constitutes 
one of its most important applications to industry today. 
Instruments which before had existed only in research 
laboratories were improved upon and adapted to commercial 
use; completely new prototypes were conceived, developed, 
and put into rtuisis production. The result is that now as never 
before there is available to industry a more nearly perfect 
system of continuous automatic control than has ever 
existed. 

Applications of New instrumentation to Industry 

Mass Spectroscope. One of the developments employed is 
a new type of mass spectroscope, which every petroleum 
refiner will welcome for control of cracking operations and 
transfer hne analysis. The mass spectroscope has been 
employed for several years in research laboratories and 
even within the last two years in certain phases of the re¬ 
fining industry but never on the perfected scale developed 
at Oak Ridge. The foremost instrument engineers and 
physicists in this country and England devoted their full 
time not only toward gearing this instrument to continuous 
control but also to expanding this country’s capacity for its 
quantity output. In no other country has electronic research 
been applied on so giand a scale. Security considerations 
are not violated in revealing that the mass spectroscope is 
an electronic de\dce for analyzing gases both qualitatively 
and quantitatively from a mass standpoint by separating 
a beam of dissimilar gas molecules into separate beams 
according to their formula weight. Determinations are very 
fast, require only a thimbleful of gas, and make obsolete 
the formerly used Orsat and chemical analyses particularly 
for the purposes of continuous control where instantaneous 
changes must be effected the moment a process swings “off 
the line.” 

Its potential uses in industry include the accurate analysis 
of natural gas or any process gas, the continuous automatic 
control of any gaseous process such as alkylation, dehydro- 
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genation, vapor phase cracking, and so forth, the checking 
of inert gases such as nitrogen used to provide a protective 
atmosphere in furnaces, the checking of the completeness 
of any evacuation process, as in the manufacture of radio 
tubes, the detection of impurities, and many others. Indus¬ 
try will not have to wait for benefits from this versatile 
tool because production facilities have been enormously 
increased since the new type was (;reated. 

Leak Detector. A second development, aptly and simply 
called “the leak detector,” is more sensitive than any other 
existing device previously utilized for the same puipose. 
It played an important part in ensuring that all parts of the 
gaseous-diffusion plant were vacuum tight. Any leaks out 
of or into the system would be damaging both from t he st and- 
point of loss and contamination of an exceedingly valuable 
material. The leak detector is well adapted for locating an- 
nojing leaks in industrial high-vacuum processing indust ri(;s 
such as vitamin manufacture, where even microscopic leaks 
undetectable by the familiar ammonia-hydrogen (‘hloriik^ 
method or Tesla coil method are still potent enough to 
prevent drawing the necessary high vacuum on the equip¬ 
ment. Other potential uses include the pre-testing of pres¬ 
sure and vacuum apparatus before putting it in service, 
checking the “tightness” of condensers and heat exchangers, 
checking equipment in operation to ensure no wasteful loss 
or contamination, the testing of welds for minute pores 
which would otherwise escape detection, and ensuring the 
physiological safety of refrigeration equipment employing 
toxic coolants. Indeed the significance of this device to 
industry is so broad that the full range of its applications 
will not be apparent for some years. For example, in the 
manufacture of electronic equipment, transmitting or recti¬ 
fying tubes may be constructed with metal envelopes (with 
good vacuum testing available) at a great savirig in cost 
and with greater durability than the present-day glass 
types. The incandescent or luminescent electric light and 
rectifiers of the mercury-vapor type are also manufactured 
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articles which can benefit from the apphcation of the leak 
detector. 

Heat Exchangers. Of great interest to the petroleum 
refining industry is the development of a new type heat 
exchanger. Since an unavoidable concomitant to pumping 
gas is heating it, and since enormous volumes of gas were 
processed, individual cooling units for each stage had to be 
developed. A brand-new type of heat exchanger was 
coirceived for this purpose and developed up to the produc¬ 
tion stage. A manufacturer was then selected and was 
shown how to make it even to the extent of redesigning his 
equipment so that thousands of units could be turned out 
quickly. They were installed and functioned very well. 
Not one failure occurred. The result is thati smaller heat 
exchangers, very tight, can be used in industry to achieve 
the same effect which formerly required much larger ones. 
Reduced investment cost, conservation of metal, and greater 
operating efficiency for a myriad of functions is indicated. 

Possible Medical and Physiological Benefite 

Thanks to the variety and multiplicity of radioactive 
products which can be produced by means of U-235, we 
face the prospect of soon having available for therapeutic 
medicine radioactive materials pos-sessing a wide variety of 
properties. It is logical to expect, therefore, that these new 
materials will be .suitable for products offeiing a greater 
range of u.scfulness, and at lower cost than radium. 

The possibility exists of incorporating a micro quantity 
of a radioactive isotope in food to observe its metabolism in 
the body of experimental animals. Such “tagged” material 
could be readily traced in its passage through the organs 
of the body. Thus new light might be thrown on the action 
of drugs, hormones, and vitamins on the body; the methods 
by which sugars and fats are burned; and the perplexing 
problems of heredity in plants and animals. Increased 
knowledge concerning how and why capeer spreads through¬ 
out the body might lead to better preventive treatments. 
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The use of such radioactive elements as mercury and gold 
might make the use of “gold rays” instead of X rays 
apphcable to extremely accurate measurement, as, for in¬ 
stance, in the grinding of optical lenses. The comparatively 
cheap radioactive materials might also be used in industry 
to supplement X rays in the inspection of castings, welds, 
and forgings. 

Money Not Wasted 

It should be borne in mind that the benefits mentioned 
above accruing to American industries as a result of knowl¬ 
edge gained in the d(*velopment of the gfis-<liffusion plant 
represent only a small part of what is permit ted to be re¬ 
vealed at this time. The total (‘ost of the project, $2,000,- 
000,000, actually only represented 8 days of war cost to the 
United States. 

If it be estimated that the war would have lasted an¬ 
other 6 months the actual saving could be estimated at 
$45,000,000,000. 
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Appendix I 

The Work on the Atomic Bomb 

The Objective 

The development at Los Alamos of the atomic bomb will 
be described in Appendix I. Two phases of the project to 
be considered are the organization, and the scientific and 
te(*hnical work itself. The organization will be described 
briefly; the remainder of the Appendix will be devoted to a 
tliscussion of the scientific and technical problems. Security 
considerations prevent a discussion of many of the most 
important phases of this work. 

History and Organization 

Reorganization of the project occurred at the l)eginning 
of 1942, and a gradual transfer of the work from the Office 
of Scientific Research and Development auspices was made 
to the Manhattan District. The responsibilities of the Metal¬ 
lurgical Laboratory at Chicago originally included a pre¬ 
liminary study of the physics of the atomic bomb. Some 
preliminary studies were made in 1941, and early in 1942, 
G. Breit set into operation various laboratories for experi¬ 
mental study of problems that had to be solved before prog¬ 
ress could be made on bomb design. J. R. Oppenheimer, of 
the University of California, gathered together a group of 
scientists, in the summer of 1942, for further theoretical 
investigation, and undertook to coordinate their activities. 
This work was officially under the Metallurgical Laboratory, 
but the group devoted to theoretical studies operated largely 
at the University of California. By the end of the summer 
of 1942, when General L. R. Groves took charge of the entire 
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project, it was decided to expand the work considerably, 
and, at the earliest possible time, to set up a separate labora¬ 
tory. 

In the choice of a site for the atomic-bomb laboratory, 
the all-important considerations were secrecy and safety. 
It was therefore decided to estabhsh the laboratory in an 
isolated location and to sever unnecessary comiection with 
the outside world. 

By November 1942 a site had been chosen at Los Alamos, 
New Mexico, on a mesa about 20 miles from Santa Fe. 
One advantage possessed by this site was a large area that 
could be used as proving grounds, but initially the only 
structures on the site consisted of a handful of buildings 
which were once a small boarding school. There was no 
laboratory, no library, no shop, no adequate power plant. 
The sole means of approach to the site was a winding 
mountain road. That the handicaps of the site were over¬ 
come to a considerable degree is a tribute to the unstinting 
efforts of the scientific and military personnel. 

J. R. Oppenheimer was director of the laboratory from 
the start. He arrived at the site in March 1943, and was 
soon joined by groups and individuals from Prinieton Uni¬ 
versity, University of Chicago, University of California, Uni¬ 
versity of Wisconsin, University of Minnesota, and else¬ 
where. With the \’igorous support of General L. R. Groves, 
J. B. Conant, and others, Oppenheimer continued to gather 
around him scientists of recognized ability, so that the end 
of 1944 found an extraordinary galaxy of scientific stars 
gathered on this New Mexican mesa. The recruiting of jun¬ 
ior scientific personnel and technicians was more difficult, 
since for such persons the disadvantages of the site were not 
always counterbalanced by an appreciation of the magnitude 
of the goal; the use of Special Engineer Detachment per¬ 
sonnel improved the situation considerably. 

Naturally, the task of assembling the necessary apparatus, 
machines, and equipment was enormous. Three carloads of 
apparatus from the Princeton project filled some of the most 
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urgent requirements. A cyclotron from Harvard, two Van 
de Graaff generators from Wisconsin, and a Cockcroft-Walton 
high-voltage device from Illinois soon arrived. As an illus¬ 
tration of the speed with which the laboratory was set up, 
we may record that the bottom pole-piece of the cyclotron 
magnet was not laid until April 14, 1943, and yet the first 
experiment was performetl in early July. Other apparatus 
was acquired in quantity; subsidiary laboratories were built. 
Today this is probably the best-equipped physics research 
laboratory in the world. 

The laboratory was financed under a contract between 
the Manhatt an District and the University of California. 

State of Knowledge in April 1943 

We stated in Parts II and III the general conditions rc- 
(luired to produce a self-sustaining chain reaction. It was 
pointed out that there are four procresses competing for 
neutrons: (1) the capture of neutrons by uranium which 
results in fission, (2) non-fission capture by uranium, (3) non¬ 
fission capture by impurities, and (4) escape of neutrons from 
the system. Therefore the condition for obtaining such a 
chain reaction is that process (1) shall produce as many new 
neutrons as are consumed or lost in all four of the processes. 
It was pointed out that (2) may be reduced by removal of 
U-238 or by the use of a lattice and moderator, that (3) may 
be reduced by achieving a high degree of chemical purity, and 
that (4) may be reduced (relatively) by increasing the size of 
the system. 

In our earlier discus.sions of chain reactions, it was alw’ays 
assumed that the chain-reacting system must not blow up. 
Below, we shall examine methods for making it blow up. 

By definition, an explosion is a sudden and violent release 
(in a small region) of a large amount of energy. To produce 
an efficient explosion in an atomic bomb, the parts of the 
bomb must not become appreciably separated before a 
substantial fraction of the available nuclear energy has been 
released (because expansion leads to increased escape of 
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neutrons from the system and thus to premature termina¬ 
tion of the chain reaction). Stated differently, the efficiency 
of the atomic bomb will depend on the ratio of (1) the 
speed with which neutrons generated by the first fissions 
get into other nuclei and produce further fission and (2) the 
speed with which the bomb flies apart. Using known princi¬ 
ples of energy generation, temperature and pressure rise, 
and expansion of solids and vapors, it was possible to esti¬ 
mate the order of magnitude of the time interval between 
the beginning and end of the nuclear chain reaction. Almost 
all the technical difficulties of the project come from the extraor¬ 
dinary brevity of this time interval. 

In Part III we staled that no self-sustaining chain reaction 
could be produced in a block of pure uranium metal, no 
matter how large, because of parasitic capture of the neutrons 
by U-238. This (‘onclusion has been borne out by various 
theoretical calculations and also by direct experiment. For 
purposes of producing a non-explosive pile, the trick of 
using a lattice and a moderator suffices — by reducing para¬ 
sitic capture sufficiently. For purposes of producing an 
explosive unit, however, it turns out that this process is 
unsatisfactory on two counts. First, the thermal neutrons 
take so long (so many microseconds) to act that only a 
feeble explosion would result. Second, a pile is ordinarily 
far too big to be transported. It is therefore necessary to 
cut down parasitic capture by removing the greater part of 
the U-238 — or to use plutonium. 

Naturally, these and other general principles had been 
well established before the Los Alamos project was set up. 

Critical Size. The calculation of the critical size of a chain¬ 
reacting unit is a problem that has already been discussed 
in connection with our consideration of piles. Although the 
calculation is simpler for a homogeneous metal unit than 
for a lattice, inaccuracies remained in the course of the 
early work, both because of lack of accurate knowledge of 
constants and because of mathematical difficulties. For 
example, the scattering, fission, and absorption cross sec- 
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tions of the nuclei involved vary with neutron velocity. 
The details of such variation were not known experimen¬ 
tally and were difficult to take into account in making 
calculations. By the spring of 1943, several estimates of 
critical size had been made by using various methods of 
calculation and the best available nuclear constants, but 
the limits of error remained large. 

The Reflector, or Tamper. In a uranium-graphite chain- 
reacting pile, the critical size may be considerably reduced 
by surrounding the pile with a layer of graphite, since such 
an envelope “reflects” many neutrons back into the pile. 
A similar envelope can be used to reduce the critical size of 
the bomb, but here the envelope has an additional role: its 
very inertia delays the expansion of the reacting material. 
For this reason such an envelope is often called a tamper. 
Use of a tamper clearly makes for a longer lasting, more 
energetic, and more efficient explosion. The most effective 
tamper is the one having the highest density; high tensile 
strength turns out to be unimportant. It is a fortunate 
coincidence that materials of high density are also excellent 
as reflectors of neutrons. 

Efficiency. As has already been remarked, the bomb tends 
to fly to bits as the reaction proceeds, and this tends to stop 
the reaction. To calculate how much the bomb has to 
expand before the reaction stops is relatively simple. The 
calculation of how long this expansion takes and how far the 
reaction goes in that time is much more difficult. 

While the effect of a tamper is to increase the efficiency 
both by reflecting neutrons and by delaying the expansion 
of the bomb, the effect on the efficiency is not as great as on 
the critical mass. The reason for this is that the process of 
reflection is relatively time-consuming and may not occur 
extensively before the chain reaction is terminated. 

Detonation and Assembly. As stated in Part III, it is 
impossible to prevent a chain reaction from occurring when 
the size exceeds the critical size because there are always 
enough neutrons (from cosmic rays, spontaneous fission 
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reactions, or from alpha-particle-induced reactions in impuri¬ 
ties) to initiate the chain. Thus, until detonation is desired, 
the bomb must consist of a number of separate pieces, eacih 
of which is below the critical size (either by reason of small 
size or unfavorable shape). To produce detonation, the parts 
of the bomb must be brought together rapidly. In the course 
of this assembly process, the chain reaction is hkely to start 
— because of the presence of stray neutrons — before the 
bomb has reached its most compact (most reactive) form. 
Thereupon the explosion tends to prevent the bomb from 
reaching that most (“ompact form. Thus, it may t,urn out 
that the explosion is so inefficient as to be relatively u.sel('ss. 
The problem, therefore, is twofold: (1) to reduce the tune 
of assembly to a minimum; and (2) to reduce the number of 
stray (predetonation) neutrons to a minimum. 

Some consideration was given to the danger of producing 
a “dud” or a detonation so inefficient that even the bomb 
itself would not be completely destroyed. This would, of 
course, be an undesirable outcome since it wo\ild present the 
enemy with a .supply of highly valuable material. 

Effectiveness. The amount of energy released was not 
the sole criterion of the value of a bomb. There was no 
assurance that one uranium bomb that released energy 
equal to that released by 20,000 tons of TNT would be as 
effective in producing military destruction as, say, 10,000 
two-ton bombs. In fact, there were good reasons to believe 
that the destructive effect per calorie released decreases as 
the total amount of energy released increases. On the other 
hand, in atomic bombs, the total energy released per kilo¬ 
gram of fissionable material (that is, the efficiency of energy 
release) increases with the size of the bomb. Thus, the 
optimum size of the atomic bomb was not easily determined. 
A tactical aspect that complicates matters further is the 
advantage of causing the simultaneous destruction of a 
large area of enemy territory. In a complete appraisal of 
the effectiveness of an atomic bomb, attention must also be 
given to effects on morale. 
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Method of Assembly. Since estimates had been made of 
the speed that would bring together subcritical masses of 
U-235 rapidly enough to avoid predetonation, thought had 
been given to practical methods of doing this. The obvious 
method of very rapidly assembling an atomic bomb was to 
shoot one part as a project ile in a gun against a second part 
as a target. The projeclile mass, projectile speed, and gun 
caliber required were not far from the range of standard 
ordnance practice, but novel problems were introduced by 
the importance of achieving sudden and perfect contact 
between projectile and target, by the use of tampers, and 
by the lequircment of portabihty. None of these technical 
problems had been studied to any appreciable extent prior 
to the estal)lishment of the Los Alamos lalioratory. 

It had also been realized that schemes probably might be 
devised whereby neutron absorbers could be incorporated 
in the bomb in su(L a way that, they would be rendered less 
effectiv^e by the initial stages of the chain reactions. Thus 
the tendency for the bomb to detonate prematurely and 
inefficiently ivould be minimized. Such devices for increasing 
the efficiency of the bomb are called "auto-catalytic.” 

Summary of Knowledge as of April 1943 

In April 1943 the available information of interest in con¬ 
nection with the design of atomic bombs was preliminary 
and inaccurate. Further and extensive theoretical work on 
critical size, efficiency, effect of tamper, method of detona¬ 
tion, and effectiveness was urgently needed. Measurements 
of the nuclear constants of U-235, plutonium, and tamper 
material had to be extended and improved. In the cases of 
U-235 and plutonium, tentative measurements had to be 
made while using only minute quantities until larger quanti¬ 
ties became available. 

In addition to these problems in theoretical and experi¬ 
mental physics, there was a host of chemical, metallurgical, 
and technical difficulties which had hardly been touched. 
Examples were the purification and fabrication of U-235 
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and plutonium; the fabrication of the tamper; and problems 
of instantaneous assembly of the bomb, which were stagger¬ 
ing in complexity. 

The Work of the Laboratory 

Introduction. For administrative purposes, the scientific 
staff at Los Alamos was arranged in seven divisions, subse¬ 
quently rearranged at various times. During the spring 
of 1945 the divisions were: Theoretical Physics Division 
under H. Bet he; Experimental Nuclear Physics Division un¬ 
der R. R. Wilson; Chemistry and Metallurgy Division under 
J. W. Kennedy and C. S. Smith; Ordnance Division un¬ 
der Capt. W. S. Parsons (USN); Explosives Division under 
G. B. Kistiakowsky; Bomb Physics Division under R. F. 
Bacher; and an Advanced Development, Division under 
E. Fermi. All divisions reported to J. R. Oppenheimer, 
Director of the Los Alamos Laboratory, who, since December 
1944, has been assisted in coordinating research by S. K. 
Allison. J. Chadwick of England and N. Bohr of Denmark 
spent a great deal of time at Los Alamos and gave invaluable 
advice. Chadwick was the head of a British delegation 
which contributed materially to the success of the labora¬ 
tory. For security reasons, most of the work of the labora¬ 
tory can be described only in part. 

Theoretical Physics Division. There were two considera¬ 
tions that gave unusual importance to the work of the theo¬ 
retical physics division under H. Bethe. The first of these 
was the necessity for effecting simultaneous development of 
everything from the fundamental materials to the method 
of putting them to use — all this despite the virtual unavaila¬ 
bility of the principal materials (U-235 and plutonium) and 
the complete novelty of the processes. The second considera¬ 
tion was the impossibility of producing (as for experimental 
purposes) a “small-scale” atomic explosion by making use 
of only a small amount of fissionable material. (No explosion 
occurs at all unless the mass of the fissionable material 
exceeds the critical mass.) Thus it was necessary to pro- 



THE WORK ON THE ATOMIC BOMB 203 

ceed from data obtained in experiments on infinitesimal 
quantities of materials and to combine it with the avail¬ 
able theories as accurately as possible in order to make 
estimates as to what would happen in the bomb. Only in this 
way was it possible to make sensible plans for the other parts 
of the project, and to make decisions on design and construc¬ 
tion without waiting for elaborate experiments on large 
quantities of material. To take a few examples, theoretical 
work was required in making rough dot erminal,ions of the 
dimensions of the gun, in guiding the metallurgists in the choice 
of tamper materials, and in determining the influence of the 
purity of the fissionable material on the efficiency of the bomb. 

The determination of the critical size of the bomb was one 
of the main problems of the theoretical physic's division. In 
the course of time, several improvements were made in 
the theoretical approach whereby it. was possible to take 
account of practically all the complex phenomena involved. 
It was at first considered that the diffusion of neutrons 
was similar to the diffusion of heat, but this naive analogy 
had to be forsaken. In the early theoretical work, assump¬ 
tions were made that all neutrons had the same velocity and 
that all were scattered isotropically. A method was thus 
developed which permitted calculation of the critical size 
for various shapes of the fissionable material provided that 
the mean free path of the neutrons was the same in the 
tamper material as in the fissionable material. This method 
was later improved, fir.st, by taking account of the angular 
dependence of the scattering, and, second, by allowing for 
difference in mean free path in core and tamper materials. 
Still later, means were found of taking into account the 
effects of the distribution in velocity of the neutrons, the 
variations of cross sections with velocity, and inelastic 
scattering in the core and tamper materials. Thus it became 
possible to compute critical sizes assuming almost any kind 
of tamper material. 

The rate at which the neutron density decreases in bomb 
models which are smaller than the critical size can be calcu- 
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lated, and all the variables mentioned above can be taken 
into account. The rate of approach to the critical condition 
as the projectile part of the bomb moves toward the target 
part of the bomb has been studied by theoretical methods. 
Furthermore, the best distribution of fissionable material in 
projectile and target was determined by theoretic^al studies. 

Technicjues were developed for dealing with set-ups in 
which the number cf neutrons is so small that a careful 
statistical analysis must be made of the effects of the neu¬ 
trons. The most important problem in this connection was 
the determination of the mathemat ical probability that, when 
a bomb is larger than critical size, a stray neutron will start a 
continuing chain reaction. A relatetl problem was the deter¬ 
mination of the magnitude of the fluctuations in neutron 
density in a bomb whose size is close to the critical size. By 
the summer of 194.5, many such calculations had been 
checked by experiments. 

A gieat deal of theoretical work was done on the equation 
of state of matter at high temperatures and the pressures 
to be expected in the exploding atomic bombs. The expan¬ 
sion of the various constituent parts of the bomb during 
and after the moment of chain reaction has been calculated. 
The effects of radiation have been investigated in consider¬ 
able detail. 

Having calculated the energy that is released in the explo¬ 
sion of an atomic bomb, one naturally wants to estimate the 
military damage that Avill be produced. This involves 
analysis of the shock waves in air and in earth, the deter¬ 
mination of the effectiveness of a detonation beneath the 
surface of the ocean, and so on. 

In addition to all the work mentioned above, a consider¬ 
able amount was done in evaluating preliminary experiments. 
Thus, an analysis was made of the back-scattering of neu¬ 
trons by the various tamper materials proposed. An analysis 
was also made of the results of experiments on the multipli¬ 
cation of neutrons in sub-critical amounts of fissionable 
material. 
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Experimental Nuclear Physics Division. The experiments 
performed by the Experimental Nuclear Physics group at 
Los Alamos were of two kinds: “differential” experiments, 
as for determining the cross section for fission of a specific 
isotope by neutrons of a specific velocity, and “integral” 
experiments, as for determining the average scattering of 
fission neutrons from an actual tamper. • 

Many nuclear constants had already been determined at 
the University of Chicago Metallurgical Laboratory and 
elsewhcTe, but a number of important constants were still 
undetermined, especially those involvmg high neutron ve¬ 
locities. Some of the outstanding questions were: 

1. What are the fission cross sections of U-234, U-235, 
U-238, Pu-239, and so on? How do they vary with neutron 
velocity? 

2. What, are the elastic scattering cross sections for the 
same nuclei (also for nuclei of tamper materials)? How do 
they vary with neutron velocity? 

3. WTiat are the inelastic cross sections for the nuclei 
referred to above? 

4. Wdiat are the absorption cross sections for processes 
other than fission? 

5. How many neutrons are emitted per fission in the case 
of each of the nuclei referred to above? 

6. What is the full explanation of the fact that the num¬ 
ber of neutrons emitted per fission is not a whole number? 

7. What is the initial energy of the neutrons produced by 
fission? 

8. Does the number or energy of such neutrons vary 
with the speed of the incident neutrons? 

9. Are fission neutrons emitted immediately? • 

10. What is the probability of spontaneous fission of the 
various fissionable nuclei? 

In addition to attempting to find the answers to these 
questions, the Los Alamos Experimental Nuclear Physics 
Division investigated many problems of great scientific 
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interest which were expected to play a role in the atomic 
bomb. Whether or not this turned out to be the case, the 
store of knowledge thus accumulated by the Division forms 
an integral and invaluable part of all thinking on nuclear 
problems. 

To obtain answers to the ten questions posed above, we 
should like^o be able to: 

(1) determine the number of neutrons of any given energy. 

(2) produce neutrons of any desired energy. 

(3) determine the angles of deflection of scattered neutrons. 

(4) determine the number of fissions occurring. 

(5) detect other consequences of neutron absorption — 
for example, artificial radioactivity. 

We shall indicate briefly how such observations arc made. 

Detection of Neutrons. There are three ways in which 
neutrons can be detected: by the ionization produced by 
light atomic nuclei driven forward at high speeds by elastic 
collisions with neutrons, by the radioactive disintegration of 
unstable nuclei formed by the absorption of neutrons, and 
by fis.sion resulting from neutron absorption. All three 
processes lead to the production of ions, and the resulting 
ionization may be detected by means of electroscopes, 
ionization chambers, Geiger-Miiller counters, Wilson cloud 
chambers, tracks in photographic emulsion, and so on. 

While the mere detection of neutrons is not difficult, the 
measurement of the neutron velocities is decidedly more so. 
The Wilson cloud-chamber method and the photographic 
emulsion method give the most direct results, but are tedious 
to apply. More often, various combinations of selective 
absorbers are used. Thus, for example, if a foil known to 
absorb neutrons of only one particular range of energies is 
inserted in the path of the neutrons and is then removed, 
the resultant degree of radioactivity of the foil is presumably 
proportional to the number of neutrons in the particular 
energy range concerned. Another scheme is to study the 
induced radioactivity known to be produced only by neutrons 
whose energy lies above a certain threshold energy. 
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One scheme for studying the effects of neutrons of a 
single, arbitrarily selected velocity is the “time-of-flight” 
method. In this method, a neutron source is modulated; 
that is, the source is made to emit neutrons in short “bursts” 
or “pulses.” (In each pulse there are a great many neutrons 
— of a very wide range of velocities.) The target material 
and the detector are situated several feet or yards from the 
source. The detector is “modulated” also, and wdth the same 
periodicity. The timing or phasing is made such that the 
detector is responsive only for a short interval, beginning a 
certain time after the pulse of neutrons leaves the source. 
Thus, any effects recorded by the detector (for example, 
fissions in a layer of uranium deposited on an inner surface 
of an ionization chamber) are the result only of neutrons 
that arrive just at the moment of responsivity and therefore 
have traveled from the source in a certain time interval. 
In other words, the measured effects are due only to the 
neutrons having the appropriate velocity. 

Production of Neutrons. All neutrons are produced as the 
result of nuclear reactions, and their initial speed depends on 
the energy balance of the particular reaction. If the reaction 
is endothermic — that is, if the total mass of the resultant 
particles is greater than that of the initial particles — the 
reaction does not occur unless the bombarding particle has 
more than the “threshold” kinetic energy. At higher bom¬ 
barding energies, the kinetic energy of the resulting particles, 
specifically of the neutrons, goes up with the increase of 
kinetic energy of the bombarding particle above the thres¬ 
hold value. Thus the Li^(p,n)Be^ reaction* absorbs 1.6 
Mev energy since the product particles are heavier than the 
initial particles. Any further energy of the incident protons 


* In 1930 W. Bothe and H. Becker in Germany found that if the very 
energetic natural alpha particles from polonium fell on certain of the light 
elements, specifically beryllium, boron or lithium, an unusually penetrating 
radiation was produced. In 1932 J. Chadwick in England performed a series 
of experiments showing that this new radiation consisted of unchanged par¬ 
ticles of approximately the mass of the proton, which particles are now called 
neuirom. 
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goes into kinetic energy of the products, so that the maxi¬ 
mum speed of the neutrons produced goes up with the speed 
of the incident protons. However, to get neutrons of a 
narrow range of speed, a thin target must be used, the 
neutrons must all come off at the same angle, and the protons 
must all strike the target- with the same speed. 

Although the same energy and momentum conservation 
laws apply to exothermic nuclear reactions, the energy release 
is usually large compared to the kinetic energy of the bom¬ 
barding particles, and therefore essentially determines the 
neutron speed. Often then; are several ranges of speed from 
the same reaction. There arc some n-actions that produce 
very high energy neutrons (nt;arly 15 Mev). 

Since there is a limit ed number of nuclear reactions usable 
for neutron sources, there are only cert ain ranges of neutron 
speeds that can be produced originally. There is no diffi¬ 
culty about slowing down neutrons, but it is impossible t-o 
slow them down uniformly — that is, without spreading out 
the velocity distribution. The most effective slowing-down 
scheme is the use of a moderator, as in the graphite pile; 
in fact, the pile itself is an excellent source of thermal (that 
is, very low sp(;ed) or nearly thermal neutrons. 

• Determination of Angles of Deflection. The difficulties in 
measuring the angles of deflection of neutrons are largely 
of intensity and interpretation. The number of neutrons 
scattered in a particular direction may be relatively small, 
and the “scattered” neutrons nearly always include many 
strays not coming from the intended target. 

Determination of Number of Fissions. The determination 
of the number of fissions which are produced by neutrons 
or occur spontaneously is relatively simple. Ionization 
chambers, counter tubes, and many other types of detectors 
can be used. 

Detection of Products of Capture of Neutrons. Often it is 
desirable to find in detail what has happened to neutrons 
that are absorbed but have not produced fission — for 
example, resonance or “radiative” capture of neutrons by 
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U-238 to form lJ-239, which leads to the production of 
plutonium. Such studies usually involve a combination of 
micro(rhemical separations and radioactivity analyses. 

Some Experiments on Nuclear Constants. By the time 
that the I^os Alamos laboratory had been established, a 
large amount of work had been done on the effects of slow 
neutrons on the materials then available. For example, the 
thermal-neutron fission cro.ss section of natural uranium 
had been evaluated, and similarly for the s(!parated isotopes 
of uranium and for plutonium. Some data on high-speed- 
neutron fission cross sections had been published, and ad¬ 
ditional information was availal)le in project laboratories. 
To extend and improve such data, Los Alamos perfected 
the use of the Van d(' Graaff generator for the Li^(p,n)Be^ 
reaction, so as to pi'oduce neutrons of any desired energy 
lying in the range from 3000 to 2,000,000 ev. Success was 
also achieved in modulating the cyclotron beam and develop¬ 
ing the neutron time-of-flight method to produce (when 
desired) effects of many speed intervals at once. Special 
methods wore devised for filling in the gaps in neutron 
energy range. Particularly important was the refinement of 
measurement made possible as greater quantities of U-235, 
U-238, and plutonium were received. On the whole, the 
values of cross section for fission as a function of neutron 
energy from pracdically 0 to 3,000,000 ev is now fairly well 
known for these materials. 

Some Integral Experiments. Two “integral experiments” 
(experiments on assembled or integrated systems com¬ 
prising fissionable material, reflector, and perhaps moderator 
also) may be described. In the first of these integral experi¬ 
ments, a chain-reacting system was constructed which in¬ 
cluded a relatively large amount of U-235 in liquid solution. 
It was designed to operate at a very low power level, and it 
had no cooling system. Its purpose was to provide verifica¬ 
tion of the effects that had been predicted for reacting 
systems containing enriched U-235. The results were very 
nearly as expected. 
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The second integral experiment was carried out on a pile 
containing a mixture of uranium and a hydrogenous moder¬ 
ator. In this first form, the pile was thus a sloiv-neutron 
chain-reacting pile. The pile was then rebuilt with less hydro¬ 
gen. In this version of the pile, fast-neutron fission became 
important. The pile was rebuilt several more times, less 
hydrogen being used each time. By such a series of recon¬ 
structions, the reaction character was successively altered, 
so that thermal-neutron fission became less and less impor¬ 
tant, while fast-neutron fission became more and more 
important — approaching the conditions to be found in the 
bomb. 

Summary of Results on Nuclear Physics. The nuclear 
constants of U-235, U-238, and plutonium have been meas¬ 
ured with a reasonable degree of accuracy over the range of 
neutron energies from thermal to 3,000,000 ev. In other 
words, questions 1, 2, 3, 4, and 5 of the 10 questions posed 
at the beginning of this section have been answered. The 
fission spectrum (question 7) for U-235 and Pu-239 is 
reasonably well knowm. Spontaneous fission (question 10) 
has been studied for several types of nuclei. Preliminary 
results on questions 6, 8, and 9, involving details of the 
fission process, have been obtained. 

Chemistry and Metallurgy Division. The Chemistry and 
Metallurgy Division of the Los Alamos Laboratory was 
under the joint direction of J. W. Kennedy and C. S. Smith. 
It was responsible for final purification of the enriched 
fissionable materials, for fabrication of the bomb core, 
tamper, and so on, and for various other matters. In all 
this division’s work on enriched fissionable materials, espe¬ 
cial care had to be taken not to lose any appreciable amounts 
of the materials (which are worth much more than gold). 
Thus the procedures, already well established at Chicago 
and elsewhere for purifying and fabricating natural uranium, 
were often not satisfactory for handling highly enriched 
samples of U-235. 
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Ordnance, Explosives, and Bomb Physics Divisions. The 

above account of the work of the Theoretical Physics, 
Experimental Nuclear Physics, and Chemistry and Metal¬ 
lurgy Divisions is incomplete because important aspects of 
this work cannot be discussed for reasons of security. For 
the same reasons, none of the work of the Ordnance, Explo¬ 
sives, and Bomb Physics Divisions can be discussed at all. 

Simunary. In the spring of 1943, an entirely new labora¬ 
tory was established at Los Alamos, New Mexico, under 
J. R. Oppenheimer for the purpose of investigating the 
design and construction of the atomic; bomb, from the stage 
of receipt of U-235 or plutonium to the stage of use of the 
bomb. The new laboratory improved the theoretical treat¬ 
ment of design and performance problems, refined and ex¬ 
tended the measurements of the nuclear constants involved, 
developed methods of purifying the materials to be used, 
and, finally, designed and constructed operable atomic 
bombs. 
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Conversion 

Table for 

Energy Units 

Multiply 

% 

To Obtain 

mcv 

1.07 X 10-3 

mass units 


1.60 X 10-« 

ergs 


3.83 X 10-1^ 

g-cal 


4.45 X 10-20 

kw-hr 

mass units 

0.31 X 102 

mev 


1.49 X 10 3 

ergs 


3.50 X 10-11 

g-cal 


4.15 X 10-17 

kw-hr 

ergs 

6.71 X 102 

mass 


6.24 X W 

mev 


2.39 X 10-s 

g-cal 


2.78 X 10-i< 

kw-hr 

g-cal 

2.81 X 10^0 

mass units 

2.62 X 1013 

mev 


4.18 X 107 

ergs 


1.16 X 

kw-hr 

kw-hr 

2.41 X 101® 

mass units 


2.25 X 1012 

mev 


3.60 X 1013 

ergs 


8.60 X 10® 

g-cal 


212 



AppencJi}( ill 


Nuclear and Atomic Masses of isotopes 

(1) True rest mass of fitonj. 1.0J2S X 10“-'^ g 

(2) True Mtonii<; mass uiiii. l.t>()()3 X g 

(3) Truo rest/mass of oloetron . . 9.035 X g 

(1) Kolalivti rest mass of electron 5.‘M2 X 10 mass unit 


lOlerneiit 

Nuclear Mass 

"f- 1 Electrons 

- Atomic Mass 

oN^ 

1.0080 



.11* 

1.0075 

.(XK)5 

1.0080 

iH* 

2.0142 

.(K)()5 

2.0147 

,1P 

3.0105 

.0(X)5 

1 

3.0170 

2JJe'‘ 

3.0159 

Am 1 j 

3.0170 

sHe^ 

4.0027 

.(X)ii ! 

4.(X)38 

oHe** 

5.012t» 

.(Kill 

5.0137 

2He« 

0.0190 

.(Kill 

1 

0.0207 

sLi*- 

5.0120 ' 

.(K)10 I 

5.0130 

.iLi® 

6.0152 

.(K)10 

0.0108 


7.ouir> 

.tX)10 

7.0J81 

sLi* 

8.0233 ' 

.0010 

8.0249 

4He« 

0.0197 

.0022 

0.0219 

4Be7 

7.0170 

.0022 

7.0192 

4Be8 

8.0054 

.0022 

8.0070 

4Be» 

9.0120 

.0022 

9.0148 

4Bei« 

10.0138 

.0022 

10.0100 

4Be“ 

11.0255 

.(X)22 

11.0277 

i>B« 

9.0137 

.0027 

9.0104 

bB^o 

10.0133 

.(X)27 

10.0100 

sB^i 

11.0101 

.0027 

1 11.0128 

• 

12.0100 

.(X)27 

12.0193 


13.0180 

.0027 

13.0207 

6(>0 

10.0107 

.0033 

10.02(X) 

eCA^ 

11.0117 

.0033 

11.0150 

eCA‘^ 

12.(KK)5 

.0033 

12.fK)38 

cCA^ 

13.(X)43 

.0033 

13.(X)76 


14.0043 

.0033 

14.0076 


15.0132 

.0033 

15.0165 
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lOlcment 

Nuclear Mass 

+ l!]UH‘troiis 

- Atomic, Mass 

,N12 

12.0195 


12.0233 


13.()0t)2 

.0038 

13.01 (Xl 


ii.ooa? 

.0038 

14.(X)75 


15.0010 

.(K)38 

]5.(X)48 


l(l.(H)72 

.(X)38 

16.011 

7N'7 

I7.009S 

.(K)38 

17.0136 


14.(K)SS 

.rK)43 

14.0131 


15.0035 

.(KM3 

15.(X)78 


15.9057 

.(X)43 

16.0000 

sO" 

J7.(HK)2 

.(K)43 

17.0045 


18.(KX)7 

.(X)43 

18.0050 

sO’’^ 

i9.(K)9r, 

.(X)43 

19.0139 

9FI6 

10.012(> 

.(X)49 

Hi.OI75 


18.(X)27 

.(K149 

17.(X)76 


1S.(K117 

.(K)49 

I8.(MH)6 


18.9990 

.(X)49 

19.(H)45 

5K=« 

20.0014 

.(K)49 

2().()()63 

9 F-'^ 

21.0010 1 

.(H)49 

21.0059 

I.'*''!' 

9!*““ 

22.0108 

.0049 

22.0157 

ioN(‘‘" 

18.(K)00 

.(X)54 

18.0114 

,oNe^'^ ! 

19.CX)24 1 

.(K)54 

19.0078 

,„N.‘“ 

19,9935 

.(X)54 

19.9989 

loNe-* 

20.9942 ! 

.(K)54 

20.991X) 

,oNe“ 

21.9932 

.0054 

21.9986 

,oN<-“ 

22.9959 

.0054 

23.(X)13 

i.Na-’" 

20.0 KX) 

.(XXX) 

20.0160 

n*NV' 

20.9975 

.(XXX) 

21.0035 

iiNa“ 

21.9957 i 

.(KXX) 

22.(X)17 

iiNa“ 

22.91X11 j 

.(XXX) 

22.99(>1 

nN’a« 

23.9910 i 

.(XX>0 

23.9976 

„Na“ 

24.9<K)7 1 

.(XXXI 

24.9967 

„Nii“ 

25.9984 

.(X)00 

26.(K)44 

12Mg« 

21.9997 

.0065 

22.0062 


22.9937 

.0065 

23.(X)02 

12MK‘a 

23.9848 

.0(X)5 

23.9913 


24.9873 

.0065 

24.9938 

12Mk“ 

25.9833 

.0065 

25.9898 

.2Mk« 

26.9803 

.0065 

26.9928 

uAl« 

23.9988 

.(K)71 

24.0059 

isAl® 

24.9910 

.(X)71 

24.9981 

>.iAl» 

25.9858 

.0071 

25.9929 

,»A1« 

26.9827 

.0071 

26.9899 

uAl« 

27.9832 

.0071 

27.9903 

isAl®' 

28.9822 

.0071 

28.9893 

laAl* 

28.9883 

,0071 

29.9954 
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Kleinent 

Nuclear Mass 

-f J'3(‘cIrons 

~ Atomic Mass 


25.0917 

.(X)70 

25.9993 


2fi.'.)S7S 

.0070 

26.9954 


27.9790 

.0070 

27.9866 


2S.9790 

.(K)70 

28.9866 

iiSr* 

29.9750 

.0070 

29.9832 

iiSP' 

;10.97S(‘» 

.(K)7() 

30.9862 

mSi‘‘“ 

31.977a 

.0070 

31.<)S49 


32.929T 

.(H)70 

32.9370 


27.9919 

.0082 

2S.(KK)1 


2S.9S37 

.0082 

28.9919 

,6P^’ 

29.9S(K) 

.0082 

29.9882 


30.9701 

.0082 

30.9843 


31.9759 

0082 

31.9841 

..■,P“ 

32.9741 

.0082 

32.9826 

nP’' 

33.9792 

0082 

33.9874 


31.9751 

.(M)82 

34.9833 

I5P^“ 

35.978(S 

.0082 

35.9870 


29.9S57 

.(M)87 

29.9944 


30.9S05 

.(K)87 

30.9892 

loS'^- 

31.9721 

.0087 

31.9808 

16S'-»‘‘ i 

32.9731 

.(M)87 

32.9818 

.6S'^4 j 

33.971 1 

.(M)87 

33.9798 

i 

31.9717 

.(K)87 

34.9804 

16S^<* ! 

35.909 

.0087 

35.9777 


30.9725 

.0087 

36.9812 

,7(1'^“ 

31.9S5S 

.(M)92 

31.9950 


32.97S0 

.0092 

32.9872 

nCV^ 

33.972 

.(H)92 

33.981 


34.971 1 

.(K)92 

34.9803 

17(1^> 

35.90HS 

.(K)92 

35.9780 

uCi^-^ 

30.9087 

.0092 

36.9779 

iiCA^ 

37.9707 

.0092 

37.9799 


38.9702 

.0092 

38.9794 

nCl'*” 

i 39.9727 

.0092 

39.9819 


33.9800 

.0098 

33.9898 

isA’^ 

i 31.9753 

.0098 

34.9851 

18A^« 

35.9074 

.(K)98 

35.9772 

ihA^^ 

30.9071 

.(K)98 

36.9769 

isA^ 

37.9048 

.(K)98 

37.9746 

ihA3» 

38.9649 

.0098 

38.9747 

ihA^'’ 

39.9658 

.0098 

39.9756 

isA^i 

40.9672 

.0098 

40.9770 
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Eleniont 

Nuclear Mas.s 

+ Electrons 

Atomic Mass 


35.9805 

.0102 

35.9907 


3().i>728 

.0102 

36.9830 

i.K''''- 

37.9()93 

.0102 

37.9795 


38.9045 

.0102 

38.9747 

,9K" 

39.9r>58 

.0102 

39.97() 


40.9038 

.0102 

40.9740 


39.9041 

.0109 

3!).()75 

2oC’a^' 

40.9()27 

.0109 

40.9736 


4 1.90)02 

.0109 

41.971 1 


42.90)14 ! 

.0109 

42.9723 

2oc:it^^ j 

44.9584 

.0109 

44.9()93 


44.9570 

.0114 

44.iH)9 

2lSc^« 

45.9570 

.0114 

1 

45.9690 


45.9558 

.0120 

‘ 45.9678 

22Ti'^ 

40.9527 

.0120 

46.9(>47 

22Ti“ 

47.9513 

.0120 

47.9633 


48.9544 

.0120 

48.9664 

s2Ti“ 

49.9512 

.0120 

49.91)32 

22Ti‘‘ 

50.9490 

.0120 

50.9610 


50.9578 

.0125 

50.9(K)3 

23V^2 

51.9400 

.0125 

51.9585 

•j4Er^^ 

50.9409 

.0131 

50.960 

24Cr^’--' 

51.9444 

.0131 

51.9575 

24CV^ 

52.9441 

.0131 

52.9572 

26Mn^* 

54.9517 

.0136 

54.9653 

zeFe’’-* 

53.9400 

.0141 

53.9601 

2«^Fe^« 

55.9407 

.0141 

55.9608 

zeFe^-^ 

50.9408 

.0141 

56.9609 

2oCu'^^ 

02.9799 

.0158 

62.9957 

2«CU«^ 

04.9797 

.0158 

64.9955 

3oZn«^ 

03.9395 

.0163 

63.9558 

3oZri®« 

05.9348 

.0163 

65.9511 

47Agl«7 

100.9217 

.0253 

106.9470 

47Agl«« 

108.9207 

.0253 

108.9460 


194.9971 

.0424 

195.0395 

79Au1^ 

190.9964 

.0430 

197.0394 
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